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TRANSIENTE VORGANGE IN DOPPELKAFIGMOTOREN 
I. TEIL 


I. RAcz 


Lehrstuhl fiir Betriebslehre elektrischer Maschinen der Technischen Universitat, Budapest 


(Eingegangen am 10. April 1957) 


1. Einleitung 


Die Hochleistungs-Drehstrom-Asynchronmotoren mit KurzschluBlaufer 
werden zwecks Verbesserung der Anlaufeigenschaften mit Spezialliufer erzeugt. 
Von diesen werden hier die Maschinen mit Doppelkafiglaiufer behandelt, jedoch 
sind einige Ergebnisse auch fiir den Tiefnutlaufer giiltig. In der Praxis ist vor 
allem die Kenntnis folgender transienter Vorginge wichtig. 

a) Beim Anlassen eines Motors aus dem Stillstand, die Héhe des Einschalt- 
stromstoBes und des MomentenstoBes. Die Wichtigkeit dieser Frage steigt 
fortwahrend, da das Anlassen mit Zuschaltung auf volle Spannung immer 
haufiger angewendet wird. Die auftretenden elektromagnetischen transienten 
Vorginge spielen sich binnen einer bis zwei Perioden ab, weshalb bei den Unter- 
suchungen einfachheitshalber angenommen wird, daB der Motor eine Weile 
im Ruhezustand bleibt. Mit der spateren Periode des Anlassens, wo die Beschleu- 
nigung des Motors transiente Erscheinungen von geringerer Bedeutung hervor- 
ruft, werden wir uns nicht befassen. 

b) Die beim Kurzschlu8 oder Umschaltung des mit Betriebsdrehzahl lau- 
fenden Motors auftretenden Strom- und Momentenstéfe. Die Umschaltungen 
erfolgen z. B. am Ende des AnlaBivorganges (Anlassen mit Stern-Dreieck-Um- 
schalter, Transformator, Drosselspule) oder beim Umschalten des Motors im 
Betrieb auf eine andere Stromquelle (z. B. automatische Umschaltung in den 
Hilfsbetrieben von Kraftwerken). Auch hier wird angenommen, da wahrend 
der elektromagnetischen transienten Vorgange die Drehzahl des Motors noch 
konstant bleibt. Mit dieser Voraussetzung kénnen die Umschaltungen mit 
Hilfe des Superpositionsprinzips auf den Fall der Spannungsanlegung an einen 
laufenden Motor zurickgefiihrt werden. 

Bei den Berechnungen werden die Hisensattigung, der Skineffekt, die Kisen- 
verluste und die Oberharmonischen am Umfang vernachlassigt. Die Stander- 
spannung U, des Motors wird als symmetrische Dreiphasenspannung (mitlau- 
fende) mit konstantem Wert angenommen. Andert sich die Klemmenspannung 
infolge des an den Netzelementen vor dem Motor (z. B. Kabel, Transformaior 
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usw.) auftretenden Spannu igsabfalles, wird die Spannung vor diesen Elementen 
als die Klemmenspannung des Motors betrachtet, wobei die resultierende Netz- 
impedanz in jene der Motorstanderwicklung einbezogen wird. Es wird ange- 
nommen, da®B der Motor beziiglich Aufbaues der drei Phasen vollkommen sym- 
metrisch, ferner, im Falle eines Motors in Sternschaltung kein Nulleiter vorhan- 


den ist, und somit keine Stréme des Nullsystems auftreten kénnen. 


2. Berechnungsmethode 


Die elektrischen bzw. magnetischen Gréfen der drei Phasen werden zu 
einem einzigen Vektor zusammengefaBt, z. B. der aus den drei Standerstrémen 
(isas Uso» isc) gebildete Vektor, der Vektor der Standerstréme i, (s. Abb. 1): 


2 ~ = 
L; ra pl (s Si Asp a a? EesJs 


woa=e ° . Die Projektionen auf die Phasenachsen a, b, c des Vektors i, erge- 
ben die Momentanwerte der Phasenstréme. Ahnliche Vektoren werden aus den 


Abb. 1 


Spannungen, Flussen, Liuferstrémen usw. gebildet. Den Voraussetzungen 
gem4B kénnen keine Stréme des Nullsystems auftreten und somit sind diese Vek- 
toren vollkommen fiir die elektrischen und magnetischen Daten der drei Phasen 
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bei jedwedem zeitlichen Verlauf kennzeichnend. In Abb. 1 deckt sich die Real- 
achsrichtung des Koordinatensystems mit der Richtung der Phasenachse a des 
Standers, es kann aber auch rotierendes Koordinatensystem angewendet werden. 

Mit diesen Vektoren kénnen fiir die drei Phasen dieselben Spannungs- 
oder Stromgleichungen aufgeschrieben werden, wie sie fiir eine Phase der Maschi- 
ne auf die Momentanwerte bezogen aufzuschreiben sind. Somit kann die tbliche 
Einphasen-Ersatzschaltung angewendet werden, wobei die LaufergréBen auf 


Bra 
x rla Ss 


Abb, 2 


Abb. 3 


die Windungs- und Phasenzahlen des Standers umgerechnet werden (Abb. 2). 
Zur Untersuchung des stationaren Betriebes wird diese Schaltung im allgemeinen 
der Abb. 3 entsprechend umgeformt, wobei die hier vorkommenden Reaktanzen 
und Wirkwiderstande mittels folgender Gleichungen aus Abb. 2 berechnet wer- 


den kénnen: 


gins Pee 
pete Ree PRR oR, 
Xriq  Xrii Sone Xrat PX — — Xna Xn 
Os aa om (+ vere 


Im iiberwiegenden Teil der praktisch vorkommenden Faille ae Xie 
vernachlassigt werden, d. h. X;jq ~ 0, und somit werden obige Gleichungen 


noch einfacher : 


2 
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Xig = Xptia 3 X, rli ~ 


(+e 


Die Umformung ist fir jede Frequenz richtig, so daB Abb. 3 auch zur Unter- 
suchung der transienten Erscheinungen als Grundlage dienen kann. In der vor- 
liegenden Abhandlung wird stets auf Abb. 3 Bezug genommen, doch wird selbst- 
verstandlich in Betracht gezogen, da es sich um keine stationaren Erscheinun- 
gen handelt. Deswegen wird anstatt der Reaktanzen X = o, L mit den Indukti- 
vitaiten L gearbeitet und bei den Wirkwiderstanden der Lauferkreise entfallt 
der Teiler s. Das Rotieren der Maschine ist bei der Aufschreibung der Spannungs- 
gleichungen in Betracht zu ziehen. 

In der Studie wird die Laptacesche Transformation (Operatorenrechnung) 
der Definitionsformel 


oo 


L{fO}=p fer soar 


0 


entsprechend angewendet. Einfachheitshalber werden die Zeitfunktion und die 
Operatorenform (LAPLACE-Transformierte) mit demselben Buchstaben bezeich- 
net. Eine der Induktivitat L entsprechende operatorische Impendanz ist pL, 


die vielmehr in der Form —— w,L=oX angewendet wird, wo 
oA 


Fae (1) 


Die in der Studie vorkommenden Operatorenformen stellen die gebroche- 
nen rationalen Funktionen von @ bzw. p dar: 


f(Q) = POs (2a) 


Q (0) 


Hieraus erhalten wir die Zeitfunktion mit dem Entwicklungssatz : 


=. P(O) . P (0) 
i= ; ert , 
STO 2, 2) a 
do JQO=o& 


wo gx die Wurzeln der Gleichung n-ten Grades Q (e) = 0 sind (k = 1,2... n). 
Diese Form des Entwicklungssatzes ist nur in dem Falle giiltig, wenn keine mehr- 
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fache Wurzeln vorhanden sind und auch 9 = 0 keine Wurzel ist. Im vorliegenden 
Falle werden diese Bedingungen erfiillt. 

Die einzelnen Ergebnisse werden auch an Zahlenbeispielen veranschau- 
licht. Samtliche Zahlenbeispiele beziehen sich auf denselben Motor : 10poliger 
_Drehstrommotor in Sternschaltung mit folgenden Nennwerten : 


Leistung (an der Welle gemessen) Py = 660 kW; 


Spannung Cing—"Saic Vis 

Strom In = 160 A; 

Leistungsfaktor cos py = 0,85; 

Wirkungsgrad nN = 93,5 % 5 

Scheinleistung Sy= V3 Un (he, == GL [EWAN s 
Nennimpedanz Zn = Un|(V3 In) = U2,/Sy = 10,82 
; Ohm ; 

Nennschlupf SNe logs 


pPp=63 (u=3.5) 


Abb, 4 


Die Reaktanzen und Widerstande des Motors sind in Abb. 4 dargestellt. Die ein- 
geschriebenen Zahlen bedeuten den Prozentwert der Nennimpedanz. Die Berech- 
nungen werden in Relativeinheiten durchgefihrt. 

Die Grundeinheit des Momentes ist der aus der Nennscheinleistung mit 
der Synchronwinkelgeschwindigkeit berechnete Wert: 


Das Nennmoment betragt 
Py 


(1 — sy) @, 


Wenn also die in Grundeinheiten bestimmten Momentenwerte in Nennmomente 


umgerechnet werden sollen, ist mit dem Korrektionsfaktor 


Mg, — Sn (1 sn) a URS SN Li 1,24 


My Py 4N COS PN 


zu multiplizieren. 
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3. Einschaltung des stillstehenden Motors 


Das Ersatzschaltbild des Motors im Stillstand ist in Abb. 5 dargestellt. 
An Stelle der Induktivitaten wurden die operatorischen Impedanzen 9 X ange- 
fiihrt. An den Stander wird im Moment t = 0 eine symmetrische Dreiphasen- 
spannung gelegt, deren Vektor 


Us —- Us elet > (3) 


und Lapiace-Transformierte (Operatorenform) 


ne = (4) 
p—j e—j 


9X51 9 Xig 


Abb. 5 


ist. 
Die Operatorenform der Vektoren der Standerstréme erhalt man durch 
Division der Operatorenform u, mit der auf die Standerklemmen beziiglichen 


resultierenden operatorischen Impedanz Z(e). Die Impedanz Z(o9) kann aus 
Abb. 5 berechnet werden : 


0Xn| Re be ke | 
Z()=Re+ eXu+ —+—-__#& te" l _NO: 
oX,+R, OA 3 . = 4 S(e) 
HR, + @X, 


Demnach ergibt sich der Vektor der Standerstréme durch Vereinfachung zu: 


re) e-. Us OQ S (0) 
es gen as 6 
Z (0) o—}7 N(@ ©) 
wo 
N (e) = a3 03 + ao? + ae + dy 5 
S(Q) = be? + bho + by ; 
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ho 
i) 


a; = X,(Xy Xp + XigXm + 9.69, GAS 

ay = BRE (Xs + Xm) + RowR, (Xm + Xia + X,) + RSR,X, ; 

@ = Rs (Xm + Xia) Xr + RX. (Xe + Xn) + UR-[Xm (Xu + Xig + X,) + 
+ Xs (Xia + X,)|; 


ay = Ry wR? ; 

meek (X, X;,) (6a) 
by = UR, (Xm + Xia + X1) +R, X, : 

by = wR? - 


Den Standerstrom in der Funktion der Zeit erhalten wir aus Gleichung (6) 
durch Anwendung des Entwicklungssatzes (2). Dieser wird aus vier Gliedern 
bestehen, deren jedes einer Wurzel des Nenners yon (6) entspricht. Die dem 
Faktor 9—j beigeordnete Wurzel ist: 0, = j, und die Wurzeln der Gleichung 
N (0) = 0 sind 9,, 03, 03, wobei letztere negative Realzahlen darstellen. Somit 
erhalten wir mit dem Entwicklungssatz folgende Form : 


ig (t) = Ay ef! + Ay emt 4 A, ert 4 Ay emert , (7) 
wo 
Ag=U; pel): (7a) 
N (J) 
und 
Ba ee P19 8. (7b) 


‘ On —J N’ (0x) 


Das erste Glied ist der stationare Strom, d. h. der dem Punkt s = 1 im gewéhn- 
lichen Stromvektordiagramm zugeordnete KurzschluBstrom I, 4, = Ix. 

Die folgenden drei Komponenten sind transiente Gleichstréme, die expo- 
nential abklingen. Nachdem 


t t 


ms V/op o1 
Si =e 5 


eek ot — e 


wird sich die Zeitkonstante der transienten Komponenten zu 


T, = ———- (8) 


ergeben. 
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A) Zeitkonstanten 


Die Werte o, sind die Wurzeln der Gleichung dritten Grades N (eo) = 93 
Anstatt der langwierigen Lésung der Gleichung kénnen bei den in der Praxis 
vorkommenden Gré®enordnungen einfache Ann&herungsformeln angewendet 
werden. Dies wird dadurch erméglicht, daf die GréBenordnungen der drei Wur- 
zeln voneinander wesentlich abweichen. So kann die Wurzel von kleinstem Abso- 
lutwert der Gleichung N (0) = a; 0% + a, 0? + 4,0 + ad) = 0 mit der Annahe- 
rung bestimmt werden, daB die Glieder mit 9? und 9? vernachlassigt werden. 


Demnach erhalten wir 


a 
o1~- ra 
ay 
und somit ergibt sich 
i a il 
f Pe EE 
5 01 Go Os 


Unter Beriicksichtigung der Gleichungen (6a) erhalten wir 


ie ae X51 =f Xm j Xi as X ia + X, 4 X, 1 (9) 
R, R, uR, 


Oy, 


Nachdem neben X,, die iibrigen Reaktanzen vernachlassigt werden kénnen, 
kann T, auch mittels folgender Formel berechnet werden : 


Tee Xm 1 4 Lp Beh : = | 1 (10) 
: a, | RK, R, Gee pat: R,; ber 


Mit den Angaben unseres Zahlenbeispiels erhalten wir : 


= 1,414 s, 


3507 1 1] 444 
314 ) Fs 


R 
: 1,4. 314 


Aus der Gleichung dritten Grades ergibt sich auf Grund der genauen Wurzel 
1, = Bead = 1,44: s. 
314 
Das Abklingen des dieser Wurzel zugeordneten freien Stromes A, eer 
ist das langsamste. Fiir die Zeitkonstante T, kann auf Grund der Beziehung (10), 
aus Abb. 2 oder Abb. 3 ausgehend, eine Ersatzschaltung aufgezeichnet werden, 
die an der Stelle der Stinderklemmen kurzgeschlossen ist (da es sich um freie 


Stréme handelt) und in der die Streureaktanzen vernachlassigt sind (Abb. 6). 
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Das Verhiltnis der mit derselben Zeitkonstante abklingenden Lauferstréme 
zu den Standerstrémen ist ebenfalls der Ersatzschaltung entsprechend. Diese 
freien Stréme flieBen im Stinder und in den beiden Kafigen in einer Richtung 
bei welcher ihre Erregungen sich addieren, so daf sie in erster Reihe den Haupt- 
flu8 erregen. Die Zeitkonstante T, ist daher eigentlich die Zeitkonstante der 
Anderung des Hauptflusses. Nachdem sogar der HauptfluB von der Nenngrébe 
durch einen verhaltnismaBig kleinen Strom aufrechterhalten werden kann und 
tm Stillstand die stationére Komponente des Hauptflusses kleiner als der Nenn- 


_ fluB ist, sind die mit der Zeitkonstante T, behafteten freien Stréme im Ver- 


gleich zu den Kurzschlu8strémen sehr klein. Aus diesem Grunde kénnen sie 
sogar aus einem Oszillogramm nicht ausgewertet werden. Trotzdem sind sie 


Rra 


Abb. 6 


von sehr groBer Bedeutung mit Riicksicht auf die Entfaltung des Hauptflusses 
und des Momentes der Maschine. Mit den Angaben unseres Zahlenbeispiels 
wird der stationaére KurzschluBstrom I, = A, = (2,01—j4,78) In, wobei die 
mit Zeitkonstante T, behaftete Komponente des Einschaltstanderstromes vom 
Anfangswert A, = j 0,09 Iy ausgeht. 

Die schneller abklingenden freien Komponenten erzeugen hauptsachlich 
nur Streuflusse, weshalb bei der Bestimmung von 0, und og, in der Ersazt- 
schaltung der Magnetisierungszweig vernachlassigt werden kann (X,— ce). 
Bei der annahernden Berechnung der Wurzel von gréBtem Absolutwert 0; 
kann in N(o) der Ausdruck a,o9 + a, vernachlassigt werden ; somit wird 


a 
0.7 


«5 
bzw. mit Vernachlassigung des Magnetisierungszweiges : 


hae ae i 


Xm? as X51 + Nig * x, (Xs =i Xia) 
Xp 3 XI =. DGS 
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und 
| ily 
C3 Wy 
Ahnlicherweise kann 0, und T, berechnet werden 
1 
== = 
- Tay 
und 
rea X, xX Xig + X. 1 
(es lim Ao oS S= lh -- sir at | =n (12) 
Oy W, Xm7? @, @, “wR, R,+ R, O, 


Zur Beurteilung der Giite der Annaherungen wurden in Tab. I die Werte der 
Zeitkonstanten der drei Gleichstromkomponenten zusammengestellt, die einer- 
seits mit den Naherungsformeln (10), (11) und (12), andererseits durch Lésung 
der Gleichung dritten Grades von N(o) = 0 (6a) bestimmt wurden. 


Tabelle 1 
Naherungswerte. c2a. sss seteis/elsieie1 eerste ee | 1,414 0,0300 | : 0,00252 
Genatie® Werte i.s/s cc tes sere ctenineieies'= ] 1,440 0,0272 | 0,00276 


Wie ersichtlich, sind die Naherungsformeln fiir die Praxis vollkommen ent- 
sprechend. In der Wirklichkeit sind auch die »genauen« Wurzeln nicht ganz 
genau, da beispielsweise die Auswirkung der Sattigung gréBere Fehler verur- 
sachen kann. Weiterhin kann festgestellt werden, daB die Gleichstromkompo- 
nente mit der Zeitkonstante TJ von keiner praktischen Bedeutung ist, da ihre 
Zeitkonstante etwa 1/7 Periode ausmacht und somit zur Zeit des gréBten Ein- 
schaltstromstoBes sozusagen vollkommen verschwindet. 


B) Einschaltstréme 


Die Einschaltstréme kénnen mit Operatorenrechnung bei Anwendung der 
Formeln (7) berechnet werden. Jedoch kénnen gute Naherungswerte mittels fol- 
genden Verfahrens einfacher erhalten werden. 


Die stationare Komponente von A, e’°-' ist uns aus der Untersuchung des 
stationaren Betriebes bekannt, das ist der KurzschluBstrom : 


A,=ln=—., (13) 
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‘wo Ze die resultierende Impedanz aus Abb. 3 fiir den Fall s = 1, d. h. die Kurz- 
schluBimpedanz des Motors bedeutet. 

Der Anfangswert A, der Gleichstromkomponente A, e?°' kann aus 
Formel (7b) durch Substitution von 0, = 0, berechnet werden. Mit den bei 


aden vorkommenden OrdnungsgréBen zugelassenen Annaherungen erhalten wir 


die folgende Formel : 


aie es Re 


(14) 


Zur Bestimmung der Gleichstromkomponenten mit Anfangswerten A, und fae 
kann die Tatsache ausgenutzt werden, da® der Motor vor der Einschaltung strom-. 


Abb. 7 


los war und infolge der Induktivitaten die GréBe des Standerstromes im Zeit- 


punkt ¢ = O noch Null bleibt. Deswegen wird auf Grund der Formeln (7) : 


O=1x+A4,+4,+ 43. 


AuBerdem ist auch die Richtung von A, und A, bekannt. Auf der rechten 


Seite der Formel (7b) ist namlich nur der Faktor — - ein komplexer Wert, die 


Ge] 
iibrigen stellen Realwerte dar. Nachdem 
il — 
; =a ae 
1 2 ety OT 
O,—j. +1 of +1 


kann die Konstruktion laut Abb. 7 zur Bestimmung von A, und A, angewendet 
werden. Zuerst werden die mit Formel (13) bzw. (14) berechneten Vektoren 


Ix und A, der Abbildung entsprechend ausgemessen. Danach werden aus dem 


== rnd 
Wy 4> 


Endpunkt von j die mit Formel (11) bzw. (12) berechneten Werte — 
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1 


ausgemessen und mit den erhaltenen Richtungen Parallelen aus dem 


o,T, ue i ; 
Anfangspunkt von A, bzw. Endpunkt von Ix gezogen. Auf diese Weise werden die 


Vektoren A, und A, ausgeschnitten. 


Mit den Angaben des Zahlenbeispieles ergibt sich : 


. 2 1 
Ix = (2,01 — 74,78) In, 41 =] 0,09 fy, === = 0,100 


Gels 

und — : ~ = 1,263. Nach Durchfithrung der Konstruktion erhalten wir die Werte 
Bios ens ik ie ; 

von A, und A,: A, = (—0,36 + 7 3,38) Iy und A;= —1,65 + 7 1,31) In. 


Bei genauer Anwendung des Entwicklungssatzes ergibt sich: A, = (—0,38+ 
+ 73,28) Iy und A, = (—1,63 + 71,41) In. 

Fur den Wert der Komponente A, kann eine gute Naherungsformel 
erhalten werden, indem der Naherungswert (12) von g, in die Formel (7b) sub- 
stituiert und der Magnetisierungszweig (X,,—~°co) vernachlassigt wird. Somit— 
ergibt sich : 


5 cae ee ee 
ee Su 5 a ; Ro R, 1 <i peat a 
Xi + Xia + Xr uR, R, + R, 


Hier kann im ersten Faktor neben —j auch 0, vernachlassigt werden. 

Mit den Angaben des Zahlenbeispiels erhalten wir auf diese Weise den 
Wert A, = 73,32 In [der genaue Wert ergibt sich zu (—0,38 + 73,28) I]. 

Der zeitliche Verlauf des Vektors i, der Einschaltstanderstréme kann auf 
Grund der Formeln (7) berechnet oder konstruiert werden. In Abb.8 ist die Kurve 
i, (t) fir zwei Perioden aufgezeichnet. Die Ziffern in der Abbildung bedeuten die 
Zahl der vom Augenblick der Einschaltung verstrichenen Achtelperioden. Aus 
der Abbildung ist ersichtlich, daB der Vektor 7, sich rasch dem vom Kurzschlu8- 


strom I, beschriebenen Kreis (gestrichelte Linie) nahert. Der Standerstrom ist 
nach einer nicht vollen Halbperiode am héchsten. Der Zeitpunkt des Maximums 


m/2, C 
kann zu tm = Sea des geschatzt werden. 
Oy 
Mit den Angaben des Zahlenbeispiels ergibt sich ~K = 67,2° = 1,17 Radiane, 
1,57 + 1,17 


d. ine tm = 


ri = 0,00872 s. Zu diesem Zeitpunkt werden die GréBen 
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der einzelnen Stromkomponenten die folgenden sein : 


Tg ef tm = jk ay soa: 
tm 
A,e T™ =]0,09 - 0,994 = J 03022; 
as tm 
A,e 1% =(—0,38 + 73,28) 0,728’ = — 0,28 + 72,38 ; 


tm 


A,e 7 =(—1,63 + j 1,41) 0,0426 = — 0,07 -+- j 0,06. 


Abb. 8 


Der Standerstrom ergibt sich im Zeitpunkt f,, als die Summe der obigen Kompo- 
nenten zu: 


eee 030-7 Tele) ly 


Der Absolutwert des Vektors betraigt 7,73 Iy, hier ist er mit dem Scheitelwert 
von I, zu nehmen. Nachdem der stationaére KurzschluBstrom 5,19 Iy betragt, 
ist der Scheitelfaktor des StromstoBes 7,73/5,19 = 1,49. Aus dem Wert der Gleich- 
stromkomponenten ist ersichtlich, das praktisch nur die Komponente mit der 
Zeitkonstante T, zum KurzschluBstrom hinzukommt. 

Der gréBte StromstoB kann auf folgende Weise berechnet werden : 


= nj/2 + eK 
ts max = Ix +- A, e outs : (16) 
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Falls wir keine genauere Berechnung machen wollen, kann der Wert des Scheitel- 
faktors mit 1,5 angenommen werden oder bei kleineren Motoren mit 1,4. Bei den 
kleineren Motoren sind namlich die Wirkwiderstinde verhaltnismafig héher, 
weshalb auch das Abklingen schneller ist. 

Die Phasenstréme erhalten wir durch Projizierung auf die Phasenachsen 
aus Vektor i,. Dementsprechend tritt der obige Héchststrom tatsachlich nur 
in dem Falle in einer Phase auf, wenn der Vektor i, im Zeitpunkt tm mit einer 
der Phasenachsen zusammenfallt. Dies hangt von der Lage der Spannung U, 
im Zeitpunkt der Einschaltung ab, was mit der Verdrehung der ganzen Abbil- 
dung 8 in Verbindung steht. Anstatt dessen ist es viel bequemer, die Phasenach- 


{a 


GR Wal 


Abb. 9 


sen zu verdrehen. In Abb. 8 ist die Phasenachse a mit gestrichelter Linie so auf- 
gezeichnet worden, das der Hichststrom in Phase a auftrete. Diese Lage ent- 
steht, wenn im Zeitpunkt des Einschaltens die Spannung U, eben den Nullwert 
iiberschreitet. Der zeitliche Verlauf des Phasenstromes i,, ist in Abb. 9 darge- 
stellt. Der resultierende Gleichstrom ist in der Abbildung mit gestrichelter Linie 
angegeben, 


C) Einschalt-MomentenstoB 


Das gewoéhnliche AnlafSimoment (KurzschluBmoment) des stillstehenden 
Motors wird von den im Stander und Laufer flieBenden Strimen erzeugt. Infolge 
den nach der Einschaltung auftretenden Gleichstrémen erscheinen auch tran- 
siente Momentenkomponente. Zur Berechnung des Momentes kann die auch fiir 
den transienten Zustand giiltige Formel 


M= Ym is = Im [Yn is] (17) 


gebraucht werden. Diese Beziehung ist in Relativeinheiten giltig. Der Haupt- 
flufs wy, kann aus dem Magnetisierungsstrom berechnet werden : 


Yn = Lim Um. 
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Somit wird das Moment 


MM Leite xX i = De Im [i Um lt is| F (18) 


Bei der Einschaltung enthalt der Strom i,, auch Gleichstromkomponenten mit 
derselben Zeitkonstante wie der Standerstrom. 
Wie bei der Formel (7) gezeigt wurde, ist 


peat t t 


e = Ix eset a Aye Ds — ale e A a A, e Ts (7’) 


Der Magnetisierungsstrom kann in dhnlicher Form aufgeschrieben werden = 
et t t 


tr Ink eort ye eo =f abe e a = Auge ee (19) 


Die einzelnen Komponenten des Momentes werden durch das Vektorprodukt der 
einzelnen Glieder von (7’) und (19) gegeben. Von den vielen Komponenten sind 
nur zwei in Betracht zu ziehen, da die Zeitkonstanten T, und T; so klein sind, 
da diese Komponenten bis zum Zeitpunkt der Entwicklung des Momenten- 
scheitels praktisch abklingen. Wie im Abschnitt B) gezeigt wurde, ist in der For- 


mel des Standerstromes auch A sehr gering, so dafs die Annaherungen 


ls FY 'f el at | 
und (20) 


t 


— A — ea 
m & Ink et ! + Any € | 


benutzt werden kénnen. Das Vektorprodukt der beiden e/* enthaltenden 
Glieder gibt das stationare AnlaBmoment Mx, wogegen das Vektorprodukt aus 
dem Stianderstrom und der Gleichstromkomponente des Magnetisierungsstro- 


mes ein pulsierendes Moment (M,) darstellt. Es wir daher 


wo 
t 


as 


per iz. aly treetot| ie ae if beta Ma Beg OLAS (22) 


1 kann zweckmaBigerweise 1 in der Form I, e /?* aufgeschrieben werden. Bei der 


Bestimmung von Am kann aus der Komponente A, des Standerstromes ausge-_ 
gangen werden, die mittels Formel (14) berechnet ie kann. Auf Grund der 


Abb. 6a ist 
Made : Ae we (R, + R,) : Ke 
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woraus mit Bericksichtigung der Formel (14) : 


aR Ue R 
Aim ~ Ay Sesh, | = leisee. (23) 
R, X51 oe Xm R, =f R; 
Das pulsierende Moment wird daher auf Grund der Gleichung (22) : 
R pe 
Misti ee U; : r “4 T, I, e J °K ei mt , 
: | X 1 “5 1. R, = Te 
also 
t 
M, me UU; Ix Sag : ; R, < De eos (0, ree x) =a 
OM, XG = >. Ry + R, 
t 
= — IMp max e - cos (@,t =e PK) ? (24) 
wo die Anfangsamplitude des pulsierenden Momentes : 
R, 
Mp max Us Ix Xm (25) 


Wy Xsi+ xi R, + Rs 


Die Amplitude des pulsierenden Momentes vermindert sich kaum in eini- 
gen ersten Perioden, da die Zeitkonstante T, eine Grésenordnung von 50 bis 
100 Perioden aufweist. Aus diesem Grunde kann der Héchstwert des Momentes 


Minax © Mx =I M, ma» (26) 


erreichen. Bei der obigen Berechnung wurde vorausgesetzt, daB die Einschaltung 
der drei Phasen am Stinder des Motors vdllig gleichzeitig erfolgt. Bei den Schal- 
tern kann jedoch zwischen den Einschaltungen der einzelnen Phasen eine Abwei- 
chung von sogar !/, Periode vorkommen. Wenn beispielsweise zuerst die Kontakte 
der Phasen b und c schlieBen, dann entwickelt sich im Motor in der resultierenden 
Richtung der Spulen 6 und c ein HauptfluB, dessen mit der Zeitkonstante T, behaf- 
tete Komponente bei ungiinstiger Einschaltphasenlage einen der Komponente 
Aj, entsprechenden Wert ereichen kann. Wenn nun Phase a um eine Viertel- 
periode spater eingeschaltet wird, entwickelt sich auch in der Achsrichtung 
der Phasenspule a eine mit der Zeitkonstante T, behaftete Hauptflu8B-Kompo- 
nente gleicher GréBe, so da als Endergebnis ein \2 facher Wert auftreten kann. 
Infolgedessen kann beiungiinstigen Phasenlagen im Falle nicht gleichzeitiger 
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ea die Amplitude des pulsierenden Momentes den Wert /2 M 
erreichen und der Héchstwert des Momentes oie 
M max INS Mx — V2. M, max (27) 


betragen. 
Mit den Angaben des Zahlenbeispiels ergibt sich: 


Mx = Re lo.Tx| — Ix? R, = 2,01 — 5,192 - 0,014 = 1,63; 


1 
M, na 5,19 3,5 0,018 


= 2,83 


1 3,6 0,018 + 0,014 


a 


Der Héchstwert des Momentes kann daher im Falle gleichzeitiger Einschaltung 
1,63 ++ 2,83 = 4,46 bzw. bei nicht gleichzeitiger Kinschaltung im ungiinstigen 
Falle 1,63 + 2 -2,83 = 5,63 betragen. Diese Zahlen beziehen sich auf das 
aus der Nennscheinleistung mit der Synchronwinkelgeschwindigkeit berechnete 
Grundmoment. Auf das Nennmoment My bezogen, das aus der Nennleistung 
an der Welle berechnet wird, ergeben sich 1,24fache Werte, so da} der héchst- 
mogliche Wert des Momentes 1,24 °5,63 My = 7 My ausmachen kann. 

In Abb. 10 ist der zeitliche Verlauf des Momentes bei gleichzeitiger Ein- 
schaltung dargestellt. Fiir den Fall des Zahlenbeispiels ergibt sich : 


t 


M=1,63+2,83 e ™ cos (w,t—67,2°) - 
In den ersten ein bis zwei Perioden weicht das Moment von dieser Bezie- 
hung ab, weil zu dieser Zeit die Komponenten mit der Zeitkonstante T, und T, 


noch nicht abgeklungen sind. Diese wirken jedoch auf das Momentenmaximum 


2 Periodica Polytechnica El 1/3. 
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nicht, sie vermindern das Moment nur in der ersten. Periode. Das Moment soll 
nimlich im Zeitpunkt t = 0 von Null ausgehen, an dieser Stelle ist sogar auch 
der erste und zweite Differentialquotient nach der Zeit ebenfalls Null. In Abb. 
10 sind bei der mit starker Linie gezogenen Momentenkurve samtliche Kompo- 
nenten beriicksichtigt, wahrend die Kurve mit gestrichelter Linie der obigen 
Naherungsformel entspricht. 

Der obige hohe Wert des Momentenmaximums wird durch die Sattigung 
nicht in bedeutendem Masse vermindert, da der Wert von Ay, L,,55% des Nenn- 
flusses und die Komponente mit der Kreisfrequenz @, des Hauptflusses 50% 
betrigt ; die beiden ergeben auch summiert keine grofe Sattigung. Die Satti- 
gung wirkt auf die Zeitkonstante in starkerem Masse, jedoch ist die Zeitkon- 
stante T, = 1,4 s nur insofern von Bedeutung, daB sie viel gréBer als die Perio- 
denzeit ist. In der Praxis beschleunigt sich der Motor nach der Einschaltung, 
so da die Zeitkonstante sich stark vermindern wird. 


Zusammenfassung 


Der erste Teil der Abhandlung befasst sich mit den elektromagnetischen transienten 
Erscheinungen des Doppelkafigmotors im Ruhezustand. Es werden einfache Annadherungs- 
formeln fiir die Einschaltstr6me, deren Zeitkonstanten, sowie fiir den Wert der Einschalt- 
Momentenstésse gegeben. Zur Veranschaulichung der Gréssenordnungen dient ein Zahlenbeispiel- 
ae transienten Erscheinungen der mit Betriebsdrehzahl laufenden Maschine werden im zweiten 

eil erortert. 
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EFFECT OF THE SPARK-GAP WORKING TIME 
UPON THE SHORT-CIRCUIT CURRENTS 
IN CIRCUITS CONTAINING SERIES CAPACITOR* 


F, CsAxr 
Department for Special Electrical Machines, Polytechnic University, Budapest 


(Received April 16, 1957) 


In a previous article [1] we examined in detail the short-circuit currents 
of the system containing a series capacitor, and estimated the value of over- 
voltages arising on the series capacitor. It was stated that the series capacitor 
must be protected in almost every case. The question arises, how fast the pro- 
tective device must work to comply with this requirement, that the short- 
circuit current should not be greater in the compensated system, than in the non- 
compensated one. The present article deals with this question. 

The problem will be examined in detail only for the most simple case. 
Again a symmetrical, three-phase short-circuit arising at no-load will be supposed. 
First we neglect the resistance of the short-circuit loop. 

Expression of the short-circuit current in this case is (see expressions (7), 


: (8) and (22) of [1]): 


j (v— 3) 


Fa (ja jot 
X, (1 — k) 
ax [tee ae z) : fa == \k ei Vk ot 7s pL ae Vk ei Vk at | (1) 
Xz (1—k) 7c : 


This solution is valid for a stationary co-ordinate system. The steady- 
state component is a vector of constant length rotating with an angular speed. 
_ @, the two transient components are also vectors of constant lengths rotating 
with angular velocities +- Vkw and —\ko resp. The resultant of the three vectors 
can be more simply designed, if the solution is written in synchronously, a 
angular speed @ rotating co-ordinate system. Therefore let us multiply both sides 


= of (1) by e ™™: 


* The present paper, as well as the previous one, was realized at the Department for 
Theory of Operation of Electrical Machninery, Polytechnic University, Budapest. 


2* tte 
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i(v-+) 
L\en on Une i 
Ark) 


i(v-=) = a 
Une ( _ 1+ \k et i (Vk — let an 1a}. ei (VE +1) © ] . (2) 
X,(1—k) 2 g 


In this case the steady-state component is a stationary vector, while the 
transient components rotate with different angular speeds. The absolute value 
of all of three vectors is constant. 

For the degree of compensation the values of 


k = 0,25; 0,562; 1,5625; 2,25 
are chosen, as in this case , 


Vk = 0,5; 0,75; 1,25; 1,5 


is a rational fracture further simplifying the solution of the problem. 
Realization of the design itself may be seen on Figs. 1 a, b, c, d. Inall 


ans 
cases the steady-state component is the vector QO. (To simplify the design, 
this vector 00 was taken of unit length.) Circle K, is the diagram of the first, 
K, that of the second transient component, the curve G is the diagram of the 
resultant vector. 

The vector traced from point O to an arbitrary point P of curve G gives 
the resultant of the two transient components, while the vector drawn from point 


Q to point P gives the resultant I(t) e /°' of the steady-state and transient 
components. 

Curve G was calibrated according to wt expressed in degrees. By aid of 
this it may be stated for instance, that we got a resultant twice as large as the 
steady-state component in the first and fourth case at ot = 360°, in the second 
and third case at wt = 720°. 

Suppose furthermore, that at a certain instant the series capacitor is 
short-circuited in all the three phases at the same time. The resistance of the by- 
pass circuit is then taken as zero. 


The Laplace-transforme of the new short-circuit current is in this case 


7 “— ry 
I(p) =Uneiv-___—_ 4 J, Pe (3) 


p—jo pL pL 


where I, is the current flowing through inductivity L at the instant when the 
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360° 


k=15025 


Fig. 1. Diagrams of short-circuit currents in synchronously rotating co-ordinate system. 
Resistance is neglected 
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—> 
series capacitor is by-passed. The current I, is given by the vector QP of the 


previous design. 
The time-function of the new short-circuit current is (with the aid of the 


generalized expansion theorem [2, Se 


pecs [a a) 
i t)= ejvt a, m — 
(t) X, 5. 0 


computing now the time t¢ from the instant, when the series capacitor is by- 
passed. 

The steady-state component is the same as it would be in a noncompen- 
sated system in the case of a short-circuit arising at no-load, but the transient 
component is different. 

Let us again pass over on to the synchronously rotating co-ordinate 


system : 
i(v-+) ie ‘ 
IQ)e ve Um e Uae — I, |e . (5) 
Xr XL 
— 
The new steady-state component is shown by the stationary vector QM 


—- 
and the new transient component by vector M P. Latter rotates with angular 


velocity —o. 


Let us draw a circle from point M as a center with the absolute value of 
— 
the steady-state component as a radius. As far as the final point of vector MP 


belonging to the transient component is within this circle K, the greatest peak- 
value of the short-circuit current will not be greater, than in the noncompensated 
case. 

In point Q the circle K is exactly the circle of curvature of the curve G. 
Namely the velocity of the point moving on curve G equals the total velocity 
of the final point belonging to the two transient components. (Differentiating 
two times one after the other the expression (2), we get the velocity and 
the acceleration.) The velocity is : 


i(v- +) = 
D _ _ Une 1+ \k (Vises w ed Wk —1) ot _ 
OS ean a a 


— 2S) et Noe ttee ne]. (6) 
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Accordingly, the acceleration is 


i(v-) ss 
= UCT ay | L+Vk (zp 1 (Vie 
pes Sa) eke = k — 1)? w2ed (Vk —1) of _ 
a (t) X,0 2m . (\/ PP wei 
aoe nelle (VE + 1)torei 0h +t] : (7) 


At the initial point of time: 


Area se 
X, jo, (8) 
and 
cs - Mes Yr) 


As v(0) is perpendicular to a(o), the radius of curvature is simply 


a) 0 Ais 


CS 


a (o) Bea: ae 


2 


where v(0) and a(o) are absolute values of v(0) and a(o). As the radius of curvature 
is unidirectional with the acceleration, the centre of curvature is just in point M. 

Above it was shown that circle K is the circle of curvature of curve G. 
Circle K and curve G are near enough to each other in the initial section. If the 
by-pass of the capacitor takes place at the angle, or at the point of time belong- 
ing to this section, there will be no essential difference between the short-cir- 
cuit currents of the compensated and noncompensated system. The values of 
the steady-state components are the same, these of the transient components 
are near to one another, only the initial angle formed by the vectors of the 
steady-state and transient component is different. 

But an important deviation can be observed if the curve G already left 
the territory of circle K. So e. g. in case of k = 0,562 (Fig. 1b) if the by-pass 
of the capacitor takes place two cycles after the short-circuit, i. e. at wt = 720°, 
the transient component would be 3,5-times greater, than the steady-state com- 
ponent. 
The transient component will be smaller, than the steady-state component, 
‘until curve G does not intersect circle K.It may be seen from Fig. 1, that greater 
security is served by taking the first peak-point of curve G, instead of the point 
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of intersection. The time t, resp. the angle wt of the by-pass belonging to the 
peak-point, can be easily computed. In the peak-point namely, the vector of the 
two transient components is of opposite direction, so the difference of angles 
made by the two vectors from the initial time is exactly 180°: 


(fk —1) 0% [rad ot) hoe (11) 


O05 G7 Q25 ODLO079 10 15 oe See ta 


Fig. 2. Relation of the time-limit of the protective device and the degree of compensation 


from which the time-limit of the protective device 


a 
t, = ———, 12 
ioe? \ko Gz 
or expressed in an angle 
Oty = eB odianS Bast (13): 


2Vk 2k 

If the protective device works within this time-limit, the transient compo- 

nent of the short-circuit current will not be greater, than the steady-state compo-- 

nent. The relation of the time-limit and the degree of compensation is shown on. 
Fig. 2. 

Until now resistance has been neglected. The question arises, whether 

consideration of the resistance does not alter the results obtained considerably.. 

To decide this, we drew up Figs. 3 a,b, ¢ for case h = 0,2; 0,4; 0,6 and 


k= 0,25. The figures, similarly to Fig. 1. show the variation of the short-circuit’ 
current in a synchronously rotating co-ordinate system. 
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dihe diagram G of the resultant short-circuit current in the compensated 
system is given by the following expression : 


Un 2 Une Une 


Fig. 3. Diagrams of short-circuit currents in synchronously rotating co-ordinate system. 
Resistance is taken in consideration 


where 


s J 
l= ant (15) 
Lc 


The diagram H of the short-circuit current in the noncompensated system 
is expressed as follows : 
1 — 1 
I 


: if Eh ivat (16) 
h+j h-+j 


I(j=I, 


Compared to the case of h = 0, the changes below may be observed = 
The vectors 00 resp. QM of the steady-states short-circuit currents have 
not the same direction. The diagram G became deformed on account of damping. 
Furthermore, the circle K is substituted by a spiral H. 
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Nevertheless, it may be stated generally that in the initial point Q the 
circle of curvature of curves G and H are common. 

The final point of the resultant current-vector of the noncompensated sys- 
tem moves with a velocity 0() and with an acceleration a(t) along curve H. 
Differentiating twice one after the other the expression (16), we get 


u 


*() =Ty-- ae + j)oe—h—jot (17) 
resp. 
AO allrcca It + jar h—Ner | (18) 
At the initial time 
v (0) = — fo (19) 
and 
a (0) = —I;(h+j) a. (20) 


Similarly, by differentiating expression (14) the velocity and acceleration 
of the final point of the vector moving on curve G can be computed for the 
initial time. Performing the computation we again obtain as a result, expres- 
sions (19) and (20) resp. 

Consequently, the velocity, as well as the acceleration is of equal magni- 
tude and direction in both cases. So curves G and H have a twofold contact 
with one another at the initial point of time. The velocity and so the tangent 
of curves G and H is unidirectional with vector U,,e/”. The result obtained may 
generally be put into words as follows : Connecting an alternating voltage to a 
series circuit R, L, C, with zero initial conditions, at the initial time the value 
of the short-circuit current, as well as its first and second differential quotient 
is of the same magnitude as in the case without capacitance (C = co). Therefore 
the initial sections of the current-curve of the compensated and noncompensated 
system are very near to one another. 

Let us return to Figs. 3 a, b, c. With increasing resistances the curve H 
crosses the curve G always at smaller ot values. So e. g. in case of k = 0,25, 
the point of intersection is at @t = 230° if h = 0, and about at 175° if h = 0,6. 

Consequently, with growing resistance the time-limit of the by-pass de- 
creases. But as the time-limit of by-pass had been stated in case of h = 0 with a 
security (e. g. in case of k = 0,25 for 180°) the relations (12), (13) between the 
time-limit and the degree of compensation may be considered valid also for the 
cases h ~ 0. (Only at greater values of h must the time-limit be decreased.) 

Up to now we examined the short-circuit current arising at no-load. How 
does the initial load current influence the results obtained? To decide this, we 
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drew up Figs. 4a and 4b (k = 0,25, h = 0,4). In both cases the amplitude of the 
load current I, is — exaggerating — one fourth of the amplitude of the short- 
circuit current in the noncompensated system. In the first case the power factor 
is 1,0; in the second case 0,7. The diagram of the short-circuit current in the 
compensated system is G, in the noncompensated one H, resp. H). Curve H was 
drawn by taking in consideration the initial load current, curve H, refers to a 
short-circuit arising at no-load. 

* Already the tangent of curves G and H in point Q is not unidirectional. 
In the cases occuring in practice, at the initial section curve H runs farther in, 
than curve G, but the deviation is not important. If the by-pass of the series 
capacitor takes place quickly enough, the initial load will not cause a great 


Un e/” 


Fig. 4. Influence of initial load current on the short-circuit currents 


difference between the short-circuit currents of the compensated and non- 
compensated systems. 

Circumstances are even more favourable, when comparing curve G with 
curve H, (Fig. 4b). Curve G generally runs farther in, than curve H). The only 
exception is when the final point of the vector of the initial load current I) 
falls out of curve H, (Fig. 4a). But this only occurs at power factors very near 
to 1, which is an uncommon case in practice. 

So it may be stated, that the time-limit of the by-pass is not considerably 
influenced, neither by the resistance of the short-circuit loop, nor by the mitial 
load current, though strictly speaking the time-limit is not only a function of 
the degree of compensation, but also of these two factors. 

Similarly to the reasoning in point 6 of [1], the ste obtained may 
be generalized for the case of asymmetrical short-circuits too. ; 

The gravest condition seems to be the obligation, that the series capacitor 
must be short-circuited in all phases at the same time. This cannot be realized 
by either of the protective devices known. But consideration of the different 
times of by-pass would complicate the calculations significantly. - 
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Conclusion 


In what has gone before we examined in detail, how fast the protective 
device of the series capacitor must work not to raise a greater short-circuit 
current in the compensated system, than in the noncompensated one. This 
question is important, not only from the point of view of short-circuit currents, 
but from that of the relay-protection. Neglecting the resistance of the short- 
circuit loop we stated a relation between the time-limit of by-pass and the degree 
of compensation (Fig. 2). The results obtained are not significantly influenced 
by consideration of the resistance and of the initial load current. For the time- 
‘limit of the by-pass we have got a relatively small value. While the spark-gap 
protection does not preceive the short-circuit current itself, but the overvoltage 
raising on the capacitor; it is of high-speed operation, and so it may prevent 
the development of too great short-circuit currents, ihough it is not certain. 
that the spark-gap will work in every case within the time-limit determined 
above. 
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Summary 


Joining with a previous article, in this study it will be examined, how fast the protect- | 
ive device of the series capacitor must work to avoid a greater short-circuit current in the 
compensated system, than in the noncompensated one. A relation was found between the 
time-limit and the degree of compensation. 
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1. Energy balance 


As is known from literature [1, 2, 3, 4], one of the most difficult problems 
in realizing thermonuclear reactors is that of confining the gas plasma of a 
temperature of about 10° °K, the only solution seems to be the generating 
of a sufficiently strong magnetic field, most conveniently by means of its own 
magnetic field of high intensity current flowing through the plasma, represent- 
ing an electromagnetic wall. It cannot be envisaged to directly confine it into 
a vessel having any actual material wall; the idea has arisen to surround the 
central eore of a several million degrees temperature by a very wide gas layer 
— similarly to the stars — to ensure heat isolation. The impossibility of this 
arrangement, because of the thermal conductivity of the plasma exceeding 
that of any metal, is pointed out in literature. 

In the following we treat at least in principle quantitatively the dimensions 
for realising, a steady energy production in DT gas at constant pressure, con- 
fined in a spherical container having a wall of a high, but technically not 
impossible temperature; in other words we consider the behaviour of the 
isobar DT star. 

. This star has particular properties. As it is to be expected and subsequently 
verified, the phenomena of gravitation is of no importance, because of the small 
mass of the star. The STEFAN-BoLTzMANN distribution law does not hold for the 


radiation, as it is a space radiation proportional to \T.as stated simultaneously 
in several places in literature [1, 3]. The radiation pressure term too, vanishes 
in the equilibrium equations. In contrast to the common stars, here we precisely 
know the composition of the star, and further the dependence of the fusion 
energy production upon density and temperature, is well known. Thus for 
the energy equilibrium an exact expression may be obtained. 

We depart from the equation for this energy balance. The difference 
between the fusion power generated within a sphere of radius r and the radiated 
power is equal to the energy lost from the surface by conduction : 
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r 


dT 
{ fete) — p(T. 0)] 4rtdr —Anr?s(T.1r) 
0 


(1) 


where p,; and p, are the specific fusion and radiation powers, @ is the plasma- 
density; ~ is the thermal conductivity. 

For these quantities the functions are plotted as follows: The fusion 
energy production according to [1] is: 


Pt — W Np Nr (o vpT)ae 
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Fig. 1. Plasma-pressure dependence on temperature and density 


where W, = 0,2-17 MeV, is the fraction of energy released per reaction imparted 
to charged reaction products. Thus the energy of neutrons may be considered 
as lost in regards to heating effect. (¢ vp7),, is the probability, that a particle 
will react and Np and N, are the densities of the deuterium and tritium nuclei., 
respectively. The value of (¢ vpr),, can be obtained from the diagram. 
According to [6] the thermonuclear power production may be expressed as: 


1s 


pp=aN?T—e-6T 


A quantitative formula of this form is given by [ 5] 
y, W 
cm? 


where differing from [5], T has to be substituted in keV. The formulas of [1] 


and [5] do not give the same results, the difference, however, does not essentially 
affect the result. 


py=1,88.10-4 (Np + Nz)? Th e-39T 
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The radiation is the Bremsstrahlung of electrons. Its value obtained 
by [1] and [3] is identical, but in discrepancy with the numerical value given 
by [5] is 

= tte 1 W 
Pr = 0,94- 10-99 (Np + Ny)? T'ls —— 


cm? 
Here T has to be substituted in keV, and Np + NESTE 


10" 


P/\wm3 


1970 
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108 e 
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——— T/keV 


Fig. 2. Specific fusion and radiation energies at constant pressure p = 1 kat 


Density and temperature are related through pressure. Considering 
that ions and electrons are involved equally in producing pressure, the equation 
for gas takes on the form: 


mc2 


= (Net No + Nr) KI 


p=(Ne+Np+Nr) 


If the pressure is measured in 1000 at (kat) and the temperature in keV, 


it becomes : 


(Np + Nr) = 3,06 - 10% p/T 


Here the density is given in m °. This relationship is shown in Fig. 1. 
The curve of the produced and that of the dissipated energy have both 
to be replotted against constant pressure instead of constant density. In the 
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eraph in Fig. 2 the curve plotted in [1] has been used. The radiation power 


is expressed by: 
De bsp) == oe lOle haat: Wm-* 


This can also be seen in Fig. 2. At first the fact may seem surprising, that the 
radiated power decreases with increasing temperature ; this only means the 
influence of the decrease in density to be dominant at constant pressure. 

The thermal conduction coefficient may be evaluated in first approxim- 
ation on basis of the equation for the kinetic gas theory : 


ae eee Z 
wu 2, 


* (Np + Nr)e 


where A is the mean free path for electrons ; v is the electron velocity; @ is 
the effective cross section for collision. The value of the latter is according to [1] : 


— 6-10-8 
Me | 


o cm? 


where W is the kinetic energy of electrons. 
Thus for x the following expression is obtained : 


Wigas 
m-keV 


x = 1,68-108 T™: 


This relationship is shown by curve 6b, in Fig. 3. Here we have plotted 
the thermal conduction curve for the case of the effective collision cross section 
assumed to be constant, independently of the energy and to be just roa where 
ry is the Bour radius. It can be seen that at low temperatures the curve gives 
an extremely low conductivity. 

For a as well as for b the conductivity is obtained as independent of den- 
sity, and consequently of pressure: at low densities the small number of con- 
ducting electrons are compensated by a proportionally longer mean free path. 
According to the SprrzeER—HArm theory [7] thermal conduction also depends 
even if in a smaller degree, on density. 

We did not as yet consider the electric field due to the diffusion of electrons, 
which tends to decrease the diffusion and thus the thermal conductivity too. 
In general there is a flux of electric charges and also of current density. In the 
steady state the generated field just compensates for the excess diffusion of 
electrons, thus the current density becomes zero. For this case the thermal 
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conduction expressed by Sprrzer—HArm and calcul 


ated in units 1 
becomes : used by us, 


6,43 - 1088 Tl W 
me ee er 


v 


where 
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Fig. 3. The variation of thermal conductivity as a function cf temperature 


a) calculated according to the kinetic gas theory with the Bohr-radius as a radius 
for effective cross-section 

b) calculated according to the kinetic gas theory, but with an effective cross-section, 
depending on the energy 

c) calculated according to the Spitzer—Harm formula 


where e is the electron charge; ¢, is the dielectric constant in vacuum. For 
thermal conduction a relation almost similar to [7] is obtained, with the differ- 
ence that by the expression In (qC?) density and pressure are also involved. 
The curve c, in Fig. 3 shows the value of x evaluated for a pressure of p = 1 kat. 
As it can be seen the error is not too important, even if we calculate with the 


more simple curve b. 
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2. Transformation of the energy equation into an integral equation 


Let us write our equation as follows : 
=a {p, [T(s); p] — pr [T(s), p]}s°4s = * (T> P) a 
0 
By integrating both sides from 0 to r, that is from the corresponding temperature 
T, to temperature T. 
r t 18 
Fe! (proap ied [utia 
v? dr 

0 0 To 

The right hand side integrating by parts: 


i To 


[- —! J (py — Pr) 8° ds| + fs (ps — pr) ds = | 2 dT 
0 Cie 440 T 


Considering that 
t 


1 . 
lim — | (pr — pr) s?ds = 0 
t-0 § 
0 
following integral equation is obtained : 


ef Ts 
| s i = (Pr — pr} a = | “x dT 
0 é T 


From this integral equation a simple law of similarity may be derived 
as a good approximation ; for approximation let us assume the value of x to be 
independent of density. 

Our equation may then be rewritten as follows : 


fe te 


je (.- z-) ee d (sp) = \ ag 


on the other hand 
Py (T, p) = p* py (T) 
pr (T, p) =p? p* (T) 


thus introducing the new variable z = pr 


fs [1— = |[pser) — pr er] és { war | (2) 
0 T 
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Consequently the relations depend only on the product pr and not separately 
on p and r, respectively. 


Let us substitute for the temperature the new variable 


T 
ee | xT = : - 1,68 - 10! Th (3) 
0 
-by using above approximation. The right hand side of equation 2., then becomes: 
vie T; T 
| xar = | xar— | xdT = y (0) — y(z) 
T 0 0 


Further, let us introduce the symbol: 
p(T) — p; (T) = F(y) 


our integral equation may be written as: 


z 


y()+ | (1-=]Fora=r (4) 
0 


z 


In the case of calculating the thermal conduction by means of the SprrzErR— 
HArm formula, y depends not only on T, but also on p, and thus the law of 
similarity does not strictly apply. Considering the portion of the function x 
above the curve a. (Fig. 3) — incidentally it is also the condition at which the 
formula may be applied — the approximate value of y is: 


Ty 
| x (T', p) dT ~ 
0 


7,95 - 10” Th W 
In (q C?) m 


3. Convergence of the integral equation iteration 


The kernel of the equation being positive, for y following limit may be 


given : 


2 
Oy ere Max F(y)<y<Y¥o 


As point of departure for the iteration let us assume the temperature 


to be constant: 
y (2) =y (2) 


Zz 


n+1) (z) = pees rs eee eee n) (s) | ds (5) 
yD (2) = y (0) i (1-|FLym oles 


3* 
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For the error remaining after each step following limit may be given: 
As definition let it be that 


+.|; M(z) monotonous growing 


-(f--STbe-heol 


V\ 


| | ds 


yn |” 


[+ 
10) 
< j s[1- 2 JMG) yO @—y-) a 


< M(z) J s (1 — | xy (s) yD (3) | ds 


0 


By inserting the product 6°) (z, m) 


| 2 


2 z 
y) (z) — y (2) x Yo = — cua 


d+) (z, m) min { f= =. |3@ (s, m) ds 
0 


it is evident that 


OO) (z, 118) — 


| y+) (2) — y™ (2) | < 6 (2, z) 


by Laplace transformation with respect to the variable z 
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% w2n+3 
20 (z,m) = de [M (m)]” es z 
(2n + 3)! 
6) (z,z) = - Fy ; [z \'M (2) | oe 


s(Mil* n+ 


co 


y— vy < | y" +h yn +h+1 | <— A(n+h) (2, z) 
h=0 h=0 
VM (2) 12443 
ly (z) Spe wy) (z) = Fy _[«/M (z) ] ; 
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4. Quantitative discussion of the first order approximations 


Let the temperature be constant in a zero order approximation 


then according to equation (5) : 


: ¥() = @) = — == 


or in a somewhat rewritten form: 


where as a definition : 


Zkr = | S2=]/ 6 y (To) _ 
ei lee ees (Ea) 


and 2,,; is called the characteristic radius. 
Introducing the variable T from equation (3) : 


or Sea 


5 


For 2, = (pr)kr the temperature falls to zero. The true value of (pr) 


which — let us say — at a temperature of T ~ 2000° K is allowable, 
certainly smaller. The plot of T(z) is shown in Fig. 4. 


— is 
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The value of the caracteristic radius depends — though in a small degree — 
also on the density given by the exact value of ~. Further, again slightly, it 
depends on the value of T, taken at point r= 0. The following Table shows 


this dependence for 1 kat. 


p kat | 1 | 1 | 1 

To keV 5 10 20 
Np + Nr m8 6,12 * 1074 3,06 - 1072 Tesey ON 
Py Wm Salk oe Geet O2e 1,26 * 101° 
Pr Wm ALO? 1,6 - 10° Soc LOE 
Pf—Pr Wm hgh oe leat One 1,2 - 101° 
y Wm! 2,002 L0>* 2,85 * 10% 2.9) -11.028 

rkr m 1250 1250 3850 


It can be seen that even by choosing a pressure of 1 kat, the radius will 
still be of the order of magnitude of km, s. At lower pressures this value obtained 
would be proportionally greater. 

The high power production too, is due to the great size. In zero order 
approximation will be: 

Azrs 


tS dectaermes od OAR, 
3 
for T, = 10 keV and p = 1 kat it is given as 
P; = 3,68<10 7 


The radiation power in first approximation is : 


Tr 1 
P, = 4nrp,() dened mrbp. (Ty) | sae el = 
Tr 7; Tr 
0 0 
3 3 4)\4z7 4% 
=o 3 (seq) -g te To = 201 p(t) 


where 
x.y — 1 LO) 
mm, (555 


and it becomes by substituting the foregoing values : 


P, = 3,7-:106W 
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About 10% of the total power production leaves in the form of radiation 

the rest by thermal conduction. 

The energies here involved are rendered useless from a technical point 

of view by their order of magnitude. Taking into account, that a power plant 

of 200 MW is considered to be a large one, we can see what technical problems 

would have to be solved, in order to remove an output of 1000 MW from every 

m? of the surface of a sphere with 1 km radius. It has to be noted that also 
the neutron energy is to be considered. 


Pr -Pp 


0 05 1 2/Zp 


Fig. 4. Curves plotted for the first order approximation. The relative position of the exact 
curve is shown by the dashed line 


Even if the conduction of 1000 MW could be realized — though with 
great difficulties — how and for what uses could the remaining energy be dis- 
posed of? This seems impossible on an earthly scale. 

The conditions calculated at the first approximation do not essentially 
alter by further approximations. In Fig. 1 we have plotted the difference 
Pt — Pr, obtained by the first approximation. It can be seen that it is constant 
excepted in a thin shell; thus further iteration does not lead to a decisive 
alteration. For the exact solution the curve runs somewhat below the curve 
obtained for the first approximation (Fig. 4). 

The value of the voltage taken at the center of the sphere and the point 
Zr can be simply determined. According to SprtzeER—HAnrm following relation 


may be written for current density 7: 
dU dT 
a 
dr dr 
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From this 


Let-be T, = 10 keV then V =7,2 kV. 

This is a gcod value from a technical point of view: the tension of high 
power generators being of the same order of magnitude. In principle, if we 
could introduce an electrode in the center of the high temperature core, energy 
could be taken out of it as from a galvanic cell working according to diffusion 
law. A tension of the same character would occur at the steady state operation 
of a plasma surrounded by an electromagnetic wall, due to the small temperature- 
gradient. 


5. Control of assumptions 


Our speculations were based on the following assumptions : 

a) The composition of the gas does not change. 

b) The gas is in plasma state. 

c) There is a Maxwellian distribution of velocity. 

d) The radiation absorption being negligible, the plasma is transparent. 

e) The pressure is constant. 

f) The mean free path is so short that the thermal conduction may be 
calculated by applying the formula. 

&) The reaction products reach an equilibrium with the gas at the place 
of their origin. 

ad a) Let us examine the consumption time of the total amount of gas 
in the case of constantly producing the initial energy. 


Np oN 
0} oy 


(@) te - = 
Np Nr (o vpr) av (Np Nr) (F vpT)ay 


= 0,67 sec 


From this it can be seen that our assumption is valid for only a fews 
msecs at the most. At a lower energy production an equilibrium is reached, 
owing to the increasing radiation effects of the reaction products at a smaller 
temperature gradient, thus the critical radius will increase. 

ad b) The gas is at such a high temperature in the major part of the volume, 
that the plasma state is maintained. The conditions are uncertain in the neigh- 
bourhood of the external wall, where at a few thousand degrees, also neutral 
particles may be found. Of course, this effects the thermal conductivity. 
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The events here occuring may somewhat enlargen the shell, at the same time, 
however, neither the dimensions, nor the produced energy will undergo any 
essential alteration. 

ad c) The essential difference from the Maxwellian distribution is the 
following : many reactions occur per unit time resulting in a great number 
of high energy reaction products. By transferring their energies to the D and T 
nuclei, the distribution density will be shifted towards higher energies. As 
the temperature T, is chosen for the sake of stability near to the temperature 
for the maximum energy production, no appreciably higher production will be 
obtained, thus the decreasing in size cannot be expected. 


Fig. 5. The total radiated power a) according to the Stefan—Boltzmann law ; b) according 
to the law of space radiation 


ad d) In Fig. 5 we have plotted the total radiated power as evaluated 
according to the Stefan—Boltzmann law and on basis of the space radiation, 
respectively. It can be seen that our sphere is extremely transparent: the 
Stefan—Boltzmann formula giving a value that is higher by several orders 
of magnitude. Thus the absorption may again be neglected, except for a thin 
shell. The two radiation curves show an intersection at T= 14 eV. 

ad e) For some ten tons of material, obviously, the gravitation effects 
may be neglected. In order to estimate the radiation pressure let us suppose 
the total energy to be absorbed in the external wall. Thus 


which may be completely neglected, as compared to 1000 at. 
ad f) The thermal conduction law is only valid, as long as the relative 


change per unit mean free path is small, that is: 


d (In T) 
dr 


A |<1 
| 
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By determining the value of A from [1] this condition may be written as: 


le eee = bees Bate - 


dr dz By Bp Zr 


TZ ie Te de 
= 10212.) say 
ar | ral es 


for T, = 20 keV. 

This value will be the unity for a temperature of 18 eV, thus immediately 
next to the wall, anywhere else it will be considerably smaller. 

ad g) Similarly the reaction products, except for neutrons, will be stopped 
in the major part of the space on a path along which T does not appreciably 
change. 

The mean free path of the reaction product ,He? is, in fact, of the order 
of several 10 meters. Approximation holds here only for a smaller fraction of 
space. 


6. Conclusions 


It can be seen that our assumptions hold, and that the results obtained 
for dimensions and power production may be considered true as regards to 
the order of magnitude. An improvement towards the approach of more real 
values cannot be expected from further refinement of calculations. By letting 
our imagination run loose, we may suggest the possibility of an artificial star, 
besides the artificial planet to be realised in the near future. In principle, thus 
a “black” wall temperature and radius might be found at which the total power 
output will be dissipated, and the problem of removing such an extremely large 
power does not arise. For the present, however, the resulting wall temperature 
makes the realisation quite illusory, even in the case of a sudden improvement 
in the heat resistivity of materials. 


Summary 


The possibility of the steady state of a deuterium tritium plasma-mixture, confined 
at constant pressure in a spherical container, is considered. 

The temperature chosen for the plasma sphere center is in the vicinity of the temperature 
belonging to the maximum of thermonuclear energy production; the temperature of the 
external wall being fixed at about a few thousand degrees. Although the dimensions obtained 


are on an earthly scale, technically the realization of a fusion reactor of this type is found 
to be inrpossible. 
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I 
It is not the aim of the present paper to give a detailed specification of 
telescopes. Our investigations are chiefly concerned with the geometrical re- 
lations of the field of vision. The field of vision of the telescope is in close cor- 
relation with magnification which, according to Fig. 1, is the quotient of the 
focal length f for the objective, and f, for the eye-piece, or 


N = fifi . 


If the telescope is adjusted to infinity, the image lies in the focal plane of the 
objective. The angle included between the lines connecting points A and C 
of the image with the centre 0 of the objective is the real field of vision viewed 
through the eye-piece 3 at an angle a, representing the virtual field of vision. 
The quotient of the virtual and real fields being also equal to the magnification 
of the telescope 


N =a ,:c. 


In addition to the focal length of the objective, the real field of vision is deter- 
mined by the virtual field. Both theoretical and practical considerations induce 
us to limit the virtual field of vision at 75°. For various reasons, a further in- 
crease would be inexpedient. Unlike photolenses, even wide-range telescopes 
can only cover a limited portion of the object space at one time, in correspondence 
of geometrical laws. For covering further portions of the object space, one has 
to turn the head, together with the telescope. Tle real field of vision for con- 
ventional trench telescopes, for example of a magnification of 6 is 7°, covering 
a field of 140 m diameter at a 1000 m distance. In the case of telescopes of 
lesser magnification — opera glasses — the covered field is not more than 15° 
which is still very unsatisfactory in relation to the full 360° field. 

The basic idea of simultaneously covering the entire 360° field was first 


established by Manein! (Fig. 2). 


1 Manein, Association francaise pour l’avancement des sciences 7, Paris 339, 1878. 
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According to Mangin’s theory, the are BC of a circle of Radius R, if ro- 
tated about axis O describes a toroidal surface, reflecting the beams L incident, 
perpendicularly to the axis O, from all directions of the field. The image thus 
formed by the concave mirror ring 18 a real, that is, a receivable annular (pano- 


GZ SW 
ES 


Fig. 1. Determination of the field of vision by means of a simple inverting telescope. Relation- 
ship between real and virtual field of vision. The eye-piece consisting or the condensing (field) 
lens 3 and the eyc lens 5 is represented by the resultant lens 4 with a focal distance f, 


ramic) image. Such a device however, cannot justly be considered a panoramic 
system, since the telescope will only form annular images of objects situated 


at small angles. 


Fig. 2. Creation of the Mangin toric surfaces. Tangential and sagittal image points 


The image of a distant point formed by tangential pencils is at A,,, while 
that formed by sagittal pencils is at A,. According to the rule of astigmatic 


image formation 


(ere _R-cost 
2: 
and 
Caples 
2 cosi 


for the sagittal pencils, m representing the normal of incidence, i the angle 
of incidence and v the angle of reflection. R, is the second radius of curvature 
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obtained Dy rotation in the sagittal section of the toroidal surface. The condition 
for correcting astigmatism is that 


CA, =CA, 
Hence it follows that 

R rel 

Ry cos i 


Fig. 3. Lens producing a panoramic image. The surface of incidence is spherical, while the 
reflecting surface is an ellipscid and the surface of emergence is plane 


Thus, if freedom from astigmatism is obtained by means of such a surface, a 
certain amount of spherical aberration and deviation from the sine condition 
must be taken into account. Furthermore, it is impossible to achieve complete: 
freedom from distortion. 

Systems forming panoramic images have been designed by using various. 
surfaces of rotation of higher order, and this is how the various kinds of annular 
lenses were produced. The annular lens represented in Fig. 3 have a spherical 
entry surface 1 of radius R,, while the reflecting surface is an ellipsoid. The 
spherical zone AB is so situated that its diameter D intersects one of the focuses. 
F, of the ellipsoid. In order to produce images, the emerging pencils have to be: 
directed to a lens or lens arrangement placed under the annular lens. ‘The hori- 
zontal pencil incident upon the spherical zone AB intersects the centre C of 
the sphere. The ellipsoid 2 is so situated, that the pencil be reflected at point. 
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E as if coming from the other focus F of the ellipsoid. The axis of rotation O 
intersects the centre C of the sphere and bisects the transverse axis of the ellip- 
soid. The plane surface 3 is perpendicular to the emerging pencil in order to 


LU 


Fig. 4, A lens producing a panoramic image. The surfaces of incidence and emergence are 
spherical, while the reflecting surface is a paraboloid 


ensure its unrefracted emergence. The role of the aperture in the centre of the 
annular lens will later on be discussed. 

Another embodiment of the system is shown in Fig. 4 where the centre C 
of sphere 1 (radius = R,) is coincident with the focus F, of the parabola 2. 
The pencil of rays from L,, incident upon the spherical zone 4B points towards 
the centre C, and is reflected at point H of the parabola parallelly to the rotation 
centre O, as if originating from the other focus F, situated at infinity. The pencils 
travelling from the direction L—L towards C, and subtending an angle a, are 
reflected at points FE and E, of the parabola, whereupon they emerge refracted 
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at points G and G, of the spherical surface 3 traced by rotating the radius 
R, about point C,. The locus of the virtual image is above the lens. Part I of the 
panoramic picture represents the sky whereas part II shows the field. 


; ic i f incidence and emergence are 
i ducing a panoramic image. The surfaces 0 
laa eerie ekile the reflecting surface is a hyperboloid 


The diagram in Fig. 5 illustrates a system with spheres of radii a. & 
respectively, as surfaces of incidence of emergence, and with a hyper i oidic 
surface of reflection. The virtual focuses F’, and F, are so situated that the ray 
reflected at point D of the spherical zone 4B intersects the optical axis ae 
ponding to the axis of rotation, at the other focus F,. For pts oO nee 
illustration of the distortions of the image formed by the annular fod é nee > 
short distance k was chosen, and the cross-shaped areas 4 to 8 and III to 
of the cross-ruled network in Fig. 6 have been hatched. 
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Fig 6. Cross-ruled network for illust- Fig. 7. Distorted image of the network re- 
rating the distortions associated with presented in Fig. 6, produced by an annular 
panoramic image formation lens 


Fig. 7 shows the image of this network produced by the annular lens. 
The straight lines 1 to 8 are distorted into ares around the centre O. Magnification 
changes radially, but remains constant for the points connected by the arc. 
Evidently, tangential magnification is also impaired. The centre of projection 
is at O, thus distorted image satisfies the rules of central projection. 

The annular image varies with the type of optical arrangement employed, 
but the construction of the image closely follows the laws of central projection. 
In the variations shown in Fig. 8 and 9 the image is viewed at the outer margin 
of the field of view, and at the inner margin respectively. Thus, their direction 


is opposed in relation to each other. 


Fig. 5. Panoramic image formed along the Fig. 9. Panoramic image formed about the 
outer margin of the field of vision. The centre inner margin of the field of vision. In both 
of projecting lies in the centre of the field Figures the magnified image of the sighted 
of vision object in the inner field of vision is produced 
by pencils of rays directed by another system 
and passing through the aperture of the 

annular lens 
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Ring lenses had to be further improved in order to satisfy the strategic 
requirements, arising in connection with periscopes, these latter being important 
equipments of submarines. Periscopes are supposed to enable the personnel 
to obtain a full view of the entire surface of the sea. The inner part of the annular 


Fig. 10. Panoramic image with the inner part magnified, produced by a Goertz periscope 


image, with a magnification of 0,4 to 0,6, presents images of the sighted point 
or the field respectively, enlarged by a factor 6 (Fig. 10). ae 

In 1950 a Hungarian physicist, PAL Borrka succeded in pasiennne a 
Jens system representing an annular mirror lens (Fig. 11), as an aTse area r 
of the Hill lens with the annular lens. The Bottka jens covers an angular field 
of 200°, and provides satisfactory image formation. After reflection, the rays 
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incident on the front lens arrive to the reflecting surface II of the back lens. 
Then, after being reflected by the reflecting surface of the front Jens they oma 
from the system parallel with the optical axis. The telescopic image is yielded 
by a lens arrangement mounted behind the mirror lens. 
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Fig. 12. One-component panoramie lens by Sandor Majoros, comprising both spherical 
and plane surfaces 


Another Hungarian development is an annular lens designed in 1951 by 
the Hungarian engineer S. Magoros. Fig. 12 presents the one-component lens, 
solely bounded by spherical surfaces. The annular image G is generated in front 
of the lens. 

It is possible to direct pencils of rays emerging from optical systems of — 
varying magnification power through the central opening of the annular lenses. 
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In the case of the Majoros lens the central image k is produced by the prism 
and lens arrangements mounted under the lens. The parallel pencils emerging 
from the lens can, of course, only form images if a system for rendering the pen- 
cils convergent is set up behind the lens, as represented in Fig. 13. The lens 
of diameter D has metal-coated reflective surfaces 2 and 5. The pencils 1 enter 
the system from all directions under 32° angles and are refracted once, and 
reflected twice, thus forming an annular path of rays 3 when emerging. The 
lens arrangement 4 — a triplet in our example inserted behind the lens 
form images with the rays at a certain distance. 


; \ 
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Fig. 13. The path of rays in the Majoros annular lens, together with the positive three- 
component lens arrangement 4 placed behind the lens 


The ring lenses composed of surfaces of rotation of higher order are liable 
to be easily damaged, they are costly, and in some cases can be produced only 
in large sizes. Moreover, the annular image is afflicted with heavy distortion, 
and the maximum enlargement is x0,9. These drawbacks have so limited the 
usefulness of annular lenses, that the older types are now practically obsolete. 
With a view to consistency and uniformity, it was nevertheless deemed advisable 
to give a survey of these lenses, particularly since most of these systems involve 
ingenious and unexpected solutions. 

The so-called multiperiscopes enable representation of the horizon in 
sections, — if not as a coherent panoramic view. A panoramic picture composed. 
of uniform sections is produced by a number of periscopes pointing in various. 
directions. This solution has the advantage of yielding undistorted, images 
covering fields of mean size, even for higher magnifying powers, and permitting 
the simultaneous presence of several observers. Nevertheless, this arrangement 
proved unsatisfactory owing to its large dimensions. 

The periscope was designed with a view to produce a smaller instrument, 
still admitting several observers. Here, the images are formed by several inde- 


pendent telescopes having one common objective. 
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P. Trruuzi’s 1942 patent relates to a multiperiscope. This instrument 
comprises eight symmetrically arranged panoramic prismatic telescopes and 
a central air reconnaissance telescope, all of them mounted in a common tube. 

Multiperiscopes are rigidly fixed and cannot be rotated about their ver- 
tical shaft, whereas simple periscopes are rotated by the observer around the 
vertical shaft, under constant changes of position, in order to achieve full 
coverage of the horizon. Another type provides a reflector prism bedded in 
the upper part of the periscope by whose rotation the succeeding zones of the 
horizon can be scanned. The first solution is simpler, the second one more 


Fig. 14. A plane mirror making a 45° angle with the incident ray, rotated about an axis nor- 
mal to the optical axis. The trace of the reflected ray describes a curve of fourth degree 


convenient. On swinging the reflector prism, the image is laterally displaced 
in the field, and at the same time suffers tumbling of the image so that observ- 
ation is almost impossible. It is therefore necessary to provide another optical 
system with a view to correct image tumbling arising in connection with the 
lateral displacement. 

Before proceeding to the description of the equipment to be applied in 
optical systems, let us make an investigation into what happens if a mirror 
or prism subtending an angle with a ray is rotated about the axis perpendicular 
to the incident ray. Let us determine the curve described by the trace of the 
reflected ray on the basic plane (Fig. 14). 

The plane mirror 1 makes a 45° angle with the horizontally incident ray 
L, The ray reflected under an angle v reaches the plane S at P. Oa swinging the 
mirror about the reflected ray T' as axis, point P will describe the curve indicated 
by the arrows, in the sense of rotation. The mirror situated at O (Fig. 15) sub- 
tends a 45° angle with the vertical. [ts normal, rotated about the vertical axis, 
describes a conical surface of an angular aperture of 45°. Let the normal be 
situated at say, O'N, let the ray directed to S have a surface of incidence SO'N, 
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jet the angle of incidence be p let the direction of the reflected ray be O’P, and, 
finally, let the angle of reflection be NO P — SO'N — . Let the angle included 
between the surface of incidente and the perpendicular surface SO’O be a. 
On swinging the mirror, its normal will travel from O’N’ to ON’, while the 
value of a will simultaneously change from 0 to 45°. Let us determine the re- 
lation between the coordinates x and y of point P with the angle a. 

The first relation to be determined is that between the angles m and a. 
Let the radius of the sphere represented in the figure be R = 1. In this case, 


Fig. 15. Geometrical analysis of the ray reflected by the plane mirror represented in Fig. 14 


from the triangles nss’ and O’ns 


ns = sing, ss’ = ns.cosa = sing. cosa 


since 
B98 = O’n - cos 45° 
Ss 5’ => OD. 5 
ss’ = sing - cos a = —— 
: \2 
whence 
] 
sing == . (1) 
: /2 cos a 


Let us now determine the dependence of y = PP’ from ¢, that is, from a. 
In the triangle PO'P 


IU 
PO’ P’ = 29 ——- 
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therefore 
y == OrP'ig|29— =| = — OP eotg2y. (2) 


The angle at O’ in the triangle OO'P is a, thus 


: if 
apn 0a 
cos a cos a 
tg 2 
iy ae ee ae (3) 
cos @ 


The cotg 2p in formula (2) is expressed by angle a. For this end not only formula 
1. is needed, but the expression of cos m by a, too. Using formula (1) 


| 2cos?a—1 
cosy = || SS 4 
MA | 2 cos? a (4) 
2; el | 
cos? a 


V2 cos?a—1 


sin 29 = re (6) 
From formula (5) and (6) 
— cotg29 = Gat : (7) 
Applying formula (7) in formula (3) 
ea AP (8) 
V2 cos?a—1 ° 


Let us now examine the dependence of coordinate x of point P from the angle 
a. In the triangle 0O’P’ OP’ = x and OO’ = 1. The angle situated at 0’ is a 
whence simply 


> 


X= tga... (9) 


The equations (8) and (9) produce the parametric set of equations of the curve 
described by point P. Now eliminating the angle a, tga, sina and cosa may 
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be expressed by x, hence tg a = x 
From the relation 


i 
Lhe See 
1 — sin2a uo 
thus 
cos? a = Z 
Tia ; (11) 
From the same 
; 1 
= ee 
1 sin? a = er (12) 
that is 
sinza—1] ¢ — (13) 
1+ x2 1+ x2 
From equation (8) : 
ae sin? a - tga 
2 cos2?a — l : wey 
Applying the equatiors (11) and (13): 
x? 2 
Pee: 4 A 
i a5 —— senha: (15) 
os l 22 1 — x 
1+ x? 


Thus, the ray reflected by the mirror describes the curve of fourth degree 


x4 


1 — x? 


s. = 


on the plane at unity distance from the mirror and perpendicular to the axis 
of rotation of the mirror. 

Similar phenomena are experienced on rotating a right-angled 45° prism 
replacing the plane mirror | in Fig. 14. Moreover, the angle of deviation of the 
reflected ray is twice the angle by which the prism is turned. In the visual 
field of such telescopes the image is not only laterally displaced but is also 
tumbling, though not along the arc, but along the curve of fourth degree. The 
problem to be answered is, to combine the reflector prism with an optical 
arrangement which will laterally displace the image — upon rotation of the 
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reflector prism — without, however, causing the image to tumble. eae prism, 
being able to keep the image erect, in the course of its lateral motion, is, there- 
fore called erecting prism. 
The first suggestion, as well as, the first practical realization of the erecting 
prism is due to Chief Engineer Jacob, scientific advisor of the former C. P. 
Goertz company, in 1905, and has since been in use throughout the world, 


without any material changes in design.? 


Y ' 
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Fig. 16. The general principle of a Fig 17, The Dowe erecting prism con- 
differential gear trolled by differential gear 


These so-called panoramic telescopes allow the observer to sweep the suc- 
cessive sections of the horizon without having to turn the head, by swinging 
the reflector prism fitted into the top of the instrument. The real field of vision 
of the telescopes is of 10 to 14°, and the horizon may be observed in the form 
of a continouos band picture extending over the entire field. In order to obviate 
tumbling of the image, the right-angled 45° reflector prism rotatable about 
the vertical optical axis, is so connected with the Dowe erecting prism, that 
this latter follows the reflector prism with identical sense of rotation, but with 
half the rotary speed. To fulfill this condition one may introduce a differential 
gear, too commonly known to be described at all. Nevertheless, it seems advisable 
to describe its action, as the differential arrangement for telescopes, having 
two gears less than usual, is somewhat different in construction from conven- 
tional differential gears used for motor vehicles, 


2K. Pritscuow, Das Rundblickfernrohr. Ztschft. f. Feinmechanik 2, 1915, XTi oe 
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The differential gear represented in Fig. 16 has bevel gears 1 and 6, loosely 
set on the pins 2 and 5 of shaft 8. They are connected by the bevel gear 3 mount- 
ed, free to turn, on the shaft 4 fixed into sleeve 7, freely Portis round the 
shaft 8. Let us suppose that bevel gear 6 is at astandstill, and the aoe 1 is ro- 
tated around pin 2. The planet gear 3 connected with gear | will ee rotate 
and, revolving along the stationary gear 6, will also take along shaft 4. Lf the 
bevel gears 1 and 6 are rotated in opposed direction but with identical rotary 
speed, planet gear 3 will revolve, while remaining in place. around shaft 4. 

Its application for telescopes is represented in Fig. 17. Let prism 1 rotate 
together with gear 2. this latter will take along planet gear 4, which in turn, 


Fig. 18. Relationship between the gears of a differential arrangement 


revolving along the stationary gear 10 will turn the Dowe prism 3 by means 
of shaft 6 with a transmission ratio 1:2. Prism 3 with its mount 7 is bedded 
in sleeve 5 which can revolve in the bearing 8 fitted into the telescope tube 9. If 
the bevel gears 2 and 10, being fixed to the top and to the bottom of the telescope, 
respectively, are turned in opposed sense, but with an identical angle, planet 
gear 4, shaft 6 and prism 3 remain stationary. 

The diameter of the planet gear can be chosen at will, but the diameter 
and the cog number must be identical for the two driving gears. Fig. 18 shows 
an arrangement where the bevel gears have been substituted by the ratchets 
1 and 3. In case of a displacement in opposed direction but of identical magni- 
tude, shaft C of planet gear 2 is independently displaced from the diameter 
of the planet gear with half the rotary speed (@: 2). 

Fig. 19 represents the Wild panoramic telescope with differential gear 
and refracted magnifier. 

For the vertical adjustement of the reflector prism a separate driving 
mechanism is provided, to be operated by means of a knob, to be seen on the 
top right-hand side in Fig. 19. Thus, lateral and vertical adjustement have 
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to be carried out in two separate steps requiring both hands for simultaneous 
adjustment. There are, however, cases when simultaneous but independent 
adjustement is imperative. co 
The telescopes of mechanical construction present ingenious combinations 
of constructional and optical ideas. 
The instrument represented in Fig. 20 designed by the Hungarian engineer 
N&npor Lierert who died at an early age, is a combination of multiperiscopes 


Fig. 19. The Dowe prism rotated by a differential gear, applied in the Wild sighting 
telescope of refracted sight line 


and of annular image-formation. This instrument is noteworthy from the point 
of view of optomechanics, even though it has not found wide popularity, owing 
to its disadvantages described below. 

Just as for multiperiscopes, the panoramic image is cut up into sections, 
with the magnified image of the section just sighted, situated in the centre. 
On rotating the reflector prism, the central image is shifted, as has been de- 
scribed in connection with panoramic telescopes. The main difference against 
multiperiscopes is that the images produced by the individual telescopes appear 
simultaneously in the field of vision, together with the central image. Sighting 
is done by means of the central image, observation by the panoramic images. 
The central sighting telescope is surrounded at equal angular distance by eleven 
telescopes forming image sections. The tumbling of the image occurring in 
connection with the turning of the reflector prism 1 of the sighting telescope, 
is corrected by the erecting prism 2. The image formed by means of the objective 
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Fig. 20. Multiperiscope by Nadndor Lippert, 
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3 appears on the plane surface of the lateral field lens 4 of the objective. The 
inverting system consisting of lenses 5 and 6 form a second imuge through 
prism 7 on the cross-hair plate 8 which is observed through an eye-piece cover- 
ing an unusually wide field. The apparent field of vision of this eye-piece, de- 
signed by the Hungarian engineer J. BARABAS, is 90°. The optical arrangement 
of the individual telescopes are very similar to the instrument descrived above, 
but their magnifying power is lower. The images formed by the wide-angle 
objectives 11, 11’... of short focal length, situated under the rigidly fixed 
reflector prisms 10, 10’ ... arise in the vicinity of the field lenses 12, 12’... - 
The inverting systems consisting of lenses 13, 13’ ... and 14, 14° merge the 


Fig. 21. The screens used in the multiperiscope shown in Fig. 20. The left-hand screen lies 

in the plane of the condenser lens at the objective side, whereas the right-hand screen is in 

the field of vision. The images are arranged in fan-shape, separated by thin gaps. The pano- 

ramic image obtained, although free from distortion, is incomplete, owing to overlapping 
at the bottom 


section images over the rhombic prisms 15, 15’ ... and the common prism 7 
into a fan-shaped panoramic image, visible on the cross hair plate 8. The whole 
instrument is stationary, except for the rotatable prism 1 of the sighting tele- 
scope. With its aid, the enlargement of the images formed by the individual 
telescopes can be brought to the centre of the field of vision. 

The section images are separated by thin spokes or spaces, giving rise 
to the chief defect of the instrument consisting in that the panoramic image 
is not continuous and dees not altogether satisfy the rules of central projection. 
The erect images are placed in line without overlapping, but they cannot be 
arranged in a circle, their continuity being broken on the top. On pushing the 
images nearer to one another, they will be overlapping below, while a wedge- 
shaped space will arise on top. An attempt to approach the top part of the 
images causes the bottom part to overlap to such an extent that serious losses 
arise. Continuity of the images is further impaired by the spokes or spaces 
of the screen inserted in the image plane. The section images generate in the 
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spaces left by the spoked screen situated in the vicinity of the field lens 12 
(Fig. 21). The optical arrangement of the telescopes is such, that the images 
may be viewed in sections separated by thin spokes. However thin, the spokes 
are very inconvenient. 


II 


The principle of producing undistorted panoramic picture 


The principle set forth below for projecting undistorted panoramic pic- 
tures or sections thereof, is based on an optico-psychological factor inherent 
to the human eye, that is, the effect of after-images, a widely, known pheno- 
menon the main field of application which is motion-picture projection. 

Motion picture projection consists of the successive and superposed 
projection of stills separated by short intervals where projection, with a fre- 
quency -of 28 to 32 of the individual pictures displaced in phase, produces the 
sensation of continuous motion. 

The underlying principle of function, of the instrument to be described 
below is similar, in so far as the stills are also projected with intervals but 
juxtaposed instead of superposed. The instrument may be so designed as to 
allow the projection of a ccmplete panoramic picture or of parts thereof, re- 
quiring annular or wide projection screens. In the latter case, the projection 
screen has to be wider than the kind used for cinematoscopic projection. It 
should be noted, that projection is effected without the use of anamorphotic 
lenses. 

The principle governing the instrument is diagrammed in Fig. 22. On 
rotation of the reflector prism 1 about the optical axis O—O, the erecting prism 
2 revolving in identical sense, but with half speed forms, in the image plane 5, 
images of each successive point of the horizon, by objective 3, over prism 4. 
Following the slow rotation of the prism, the image is continuously displaced 
in the visual field, with a sufficiently slow motion to allow observation of the 
adjacent sections of the horizon. If one takes photographs of the images, their 
assembly will yield a coherent panoramic picture of the object space. Incident- 
ally, this can be effected as well by means of panoramic photocameras. For 
prisms of high revolution per minute, however, the image will be seer past 
distinction. (Fig. 23). For periodic projection, the image formed in the focal 
plane of the objective 3 is periodically interrupted by the slits of a rotary sector 
disc 5 driven by motor 4 (Fig. 24). At the same time, the axle 6 and the spur 
gears 7 and 8 drive the reflector prism | as well as, by means of a non-represented 
transmission, the erecting prism 2. This latter is driven with half RaePaeMe 
Each position of the prism is associated with a separate picture, but 
rapid rotation of the prism will give rise to a heavily blurred picture 


(Fig. 25). 
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The task set for undistorted panoramic image formation is to juxtapose 
the successive pictures, in conformity with field position, that is, by bringing 
into relief that section of visual field falling into the sighting line (Fig. 26). 


Fig. 22. Conditions arising through rotation of a right-angled 45° prism, in a telescope 
of refracted sight line 


The instrument works in the following manner: the axle 13 of motor 
14 drives the rotary sector disc 4, while the spur gears 15 and 16 drive the | 
reflector prism 1. The drive of the erecting prism 2 is again not represented. The 
objective 3 produces a small-sized wide-angle image I in the plane of the slit 
of sector disc 4, situated within the focal range of lens 5. The emerging bundle 
travels parallelly over prism 6 to objective 7 which forms a second image from 
the first image over prism 8 at point IT of the band image plane 9. The objeck 
7 always receives parallel bundles, so that this lens may be shifted, together 
with prism 8, into positions 7’ and 8’. In the latter case the image is formed at 
Il’. Mount 12 comprising objective and prism is so directed by the motor-driven 
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Fig. 23. Image formation by an arrangement diagrammed in Fig. 22, showing the landscape 
in Fig. 24 


heart-cam 1] by means of the arm 10 that the mount will stop the end positions 
A and A’, whereas it covers the distance X to and from at a uniform speed. 
There is only one slit of the sector disc and one position of the prism 
corresponding to each individual equidistant section of the image plane 9, 
that is, the slits of the sector disc are synchronized with the image sections. 
In the position illustrated in the figure, the slit of the disc 4 exhibits image I 
so that lens 7 will produce by means of prism 8 the image falling into the direction 
of the reflector prism 8 at point I. Thereafter, the rotary sector disc will cover 


Fig. 24. Landscape selected for illustrating distortion-free image-formation 


5 Periodica Polytechnica El 1/3. 
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up the image while the reflector prism 1 continues to revolve, and mount 12 
travels to the next field section. Thereupon, the next slit of the sector dise 
once more exhibits the image. The instrument projects on screen 9 the pictures 
formed of the successive sections of field by the reflector prism 1. Each picture 
section appears but for a short time, so that rapid projection produces a coherent 
panoramic picture band. Fig. 27 represents the procedure of forming a picture 


ae E : : : : ‘ 
Fig. 25. Rotating-screen arrangement for producing distortion-free panoramic images 


band, whereas the picture thus obtained is shown in Fig. 28. However, said 
picture is not satisfactory as regards definition. It is proposed therefore to modify 
the system, to work in the manner known for motion picture projectors. The 
reflector prism will thus revolve intermittently instead of revolving continually. 
The reflector prism as well as the rotary sector dise and mount 12 will be stopped 
for a short time-during each projection, in the direction of the field of the re- 
spective picture section. The systems is either mechanically controlled by means 
of a maltese cross or a scanning arm arrangement, or it is fitted with optical 


diffraction elements. These latter optical elements will be treated in a forth- 
coming paper. 


UONTINUOUS IMAGE-FORMING SYSTEMS OF LARGE FIELD OF VISION (TELESCOPES) 28} 


Fig. 26. Image formed by the arrangement shown in Fig. 25 


The working of the instrument makes it clear that projection is periodic. 
It has been found that the human eye, if subjected to continual stimuli of short 
duration, reacts in an interesting way. The phenomena associated herewith 
are too complex, and dependent upon too many factors, to be described here 
in detail. Summarized results, however, offer a basis for computation of image 
frequency and film speed for panoramic projection which in turn may provide 
helpful information for the design of the instrument. 

Low frequences may bring about the unpleasant sensation of the separ- 
ation of impressions. For higher frequencies the phenomenon is called flicker, 
and it is called scintillation for still higher frequencies. High frequency causes. 
the successive stimuli to merge, giving rise to a uniform sensation of light. 
According to the Talbot—Plateau law a rapid succession of light stimuli 
induces a sensation equivalent to continual light stimuli over the scintillation 
limit, if the amount of light prevailing for the periodic stimuli is uniformly 
distributed overt the whole stretch of time. The sensation of light of short 
duration being the product of the duration of the sensation with the illumination. 
of the retina or with the luminous flux, respectively, it follows that for the 
sensation it is the amount of light that matters. For duration of the sensation 
is independent of the wave length of the radiating energy. The Talbot— Plateau 
law plays an important part in cinematography and scintillation photometry, 
thus it is essential, with a view to image projection, to be acquainted with the 
limit of scintillation and the frequency of merging. This latter for vision has 
different values by rods and by cones, respectively, and is also dependent on 
the adaptation of the eye (Ferry—Porter law). For the purposes of the present 
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study we are interested in the minimum value. Assuming sumilar conditions. 
this minimum value is reached, if light-dark ranges are equal for frame repe- 
titions. According to this rule, picture frequency is 25 sec. for up-to-date motion- 
picture-projection. Taking as a basis the general density of luminous flux of 
the projection screen, 50 light-dark range picture repetitions are required for 


Fi : . 2 . . > : . - * 7 
ig: 27. Formation of a distortion-free panoramic image by the use of a rotating screen 
and a projector prism of alternating motion 


the frequency of merging. In order to obviate scintillation, a rotary sector 
disc is provided producing two succeeding obscurations of equal duration. 

A variation of this procedure is used in connection with panoramic pro- 
jection. However, frequency of merging should be determined by tests, since 
the lower this value, the lesser the revolution per minute of the projecting 
prism, and the speed of the film. With a frequency of 25/see as starting point, 
one obtains approximately the following results : 
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Fig. 28 Explanation of the distortion-free panoramic image obtained by the use of the arran~ 
gement diagrammed in Fig. 26 


Let the convenient angle of image for the projection be 30°. One picture 
section is always projected within this angle. The number of picture sections’ 
for one revolution of the prism is 360 : 30 = 12. Since each picture section is 
individually projected on the corresponding spot with the 25/sec frequency 
assumed, the revolution per minute of the prism is 12 by 25 = 300/sec or 
18.000/min. Dividing now one picture frame of the normal cinematographic 
film into two equal portions, the frame repetition frequency amounts to 150/sec. 


image composed of juxtaposed band images 


Fig. 29. Distortion-free panoramic 
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The above figures should be considered as only rough approximations, 
intended as general information. Only the reatization in practice of the instru- 
ment may confirm the assumption, that the revolutions per minute of the re- 
flector prism may be still further reduced. Thus, in the event of projection 
with inverted optical path, the instrument may be so constructed, that the 
revolving prism scans the picture frames travelling in opposed direction. Another 
solution envisaged is to use a semicircular projecting screen instead of a circular 
one. Preference is given to the semicircular arrangement, because the constancy 
of image distance, and, in consequence, of definition, can only be ensured by 
placing the projecting apparatus in the centre of the circle. 

For the telescopic projection of the whole horizon the length of the picture 
band is dependent on the real field of vision of the telescope, amounting to 10 
to 14° for the telescopes described. The diameter of the circular field of vision 
is 20 mm, equalling the length of one side of the circumscribed quadrangle. 
The number of pictures produced during one revolution of the prism is 360 : 12= 
= 30 so that the full length of the band picture is 600 mm. This type of pano- 
ramic picture reproduces the whole horizon, thus, the right-hand and _ left- 
hand ends of the picture belong together. If, for example, the picture represents 
an automobile passing along the picture band from left to right, the portion 
of the car disappearing at the right-hand extremity of the picture will appear 
at the left-hand extremity. Let us mentally bend the band picture into a cylin- 
drical surface, and the observer stationed in the centre will see a full panoramic 
picture. The size of the picture is, of course, so small that only the unaided eye 
may view it from a short distance. 

It will be noted that a number of unforeseen and sometimes contradictory 
optical, optomechanical and psychological factors may eventually play an 
important part in the projection of circular or semicircular distortion-free 
pictures. 

It is assumed that the principle disclosed may be used to advantage 
in fields of investigation other than the projection of images. 


Summary 


The common characteristic of the above described image-forming systems is, that they 
bring about full panoramic (circular) images either by mechanical means, such as systems 
of rotary prisms or revolving telescopes, or by optical means where the panoramic image is 
produced by annular lenses, or by a combination of the two methods. 

It is clear from the foregoing, that all optieal or optomechanical principles have already 
been applied for producing panoramic images. ‘These principles may be summarized as follows : 

1. Image formation is discontinuous for wide-angle photographic lenses. True, the images 
obtained are free from distortion, yet these instruments are unsuitable for producing telescopic 
images, owing to their short focal lengths, whith do not allow of considerable magnification 
and, in addition, the relative apertures of such systems are rather small. 

2. Speaking of systems of continuous itfiage formation, the panoramic images formed 
by annular lenses or annular mirror lenses suffer from serious distortions. Moreover, their mag- 
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nifying power is relatively low from the viewpoint of telescopes, whereas their cost of produc- 
tion are rather high. 

3. Images of the entire horizon can only be obtained by means of lenses of the Hill type, 
but the images are heavily distorted at the margins. These lenses occupy an intermediate posi- 
tion between photographic and ring lenses. 

4. Systems forming panoramic images composed of sections have the advantage of 
yielding undistorted images of satisfactory magnification and visual field. Both the multiple 
telescopes and the Lippert telescopes produce discontinuous panoramic images, and require 
a number of telescopes, each to be separately adjusted. Manufacture of these devices are rather 
elaborate and costly. The following facts must also be noted in regard of observation : 

The panoramic image is afflicted with heavy distortion; unsatisfactory magnifying 
power and unnatural perspective renders discrimination of the objects difficult. 

Whether the scanning of the horizon by means of the swinging reflector prism is con- 
tinuously or discontinuously, effected slowly or rapidly, a full command over the entire field 
can only be achieved by taking advantage of the observer’s visual memory. In case of a change 
in the sighting line, determination of the relative position in relation to the basic direction, 
that is, orientation, is rather cumbersome, even if accessory instruments are employed. 


The target is to produce wide-angle, undisto:ted panoramic images of high magnification, 
permitting simultaneous coverage of the whole field. 


Professor N. BAr&ny Budapest XI., Gombocz Zoltan utea 17, Hungary. 


EXPLANATION OF THE SO-CALLED “SQUND DETONATION” 


By 
I. Braart and M. KeELEMEN 
Department for Mathematics I, Polytechnic University, Budapest 


(Received May 31, 1957) 


A few months ago a great detonation was heard in the neighbourhood of 
the Polytechnic University in Budapest. It caused no damage. The explication 
of this phenomenon given by the newspapers was by no means clear. The 
explosion was probably effected by a jet engine. The real explanation is as 
follows. 

The question is: What should be the path and speed of a jet plane 
if there is a point in space to which the sound waves emitted by the jet 
engine along its course arrive simultaneously (from every point of its 
path). 

First the movement will be assumed to be a two-dimensional one. The 
following denotations will be used (t. Fig. 1): 

equation of the orbit in polar coordinates : r= r (9), 

initial position of the airplane (at time t = 0): P,, 

position at time t: P, 

center of the sound detonation occurring! at time t’ >t: A, 

speed of the sound: c, 

speed of the airplane (assumed to be constant): v, 


length of the arc Ephesians 
length of the radius vector of P, resp. P: ro resp. r. 
Thus we have 


s 
ig— et 7 or e(t-— 1), t= —.. 


Hence 


By derivation? 


1 4 is assumed to be in the plane of the movement. ; 
2 Equation (1) expresses the fact that the tangent of the path must intersect the radius 


c 
vector at a constant angle depending on-- 
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OT een’ ds Ys (Zy : (1) 
dq v dy v dp 
whence . 
(v2 — 2) ind apie 
dy 


[7 
A 
Fig. 1 
the velocity of the sound. — The differential equation (1) is of the simplest 


type and has the general solution 


?, 


c 
SS 
r=ke Ye-¢ 


(k is an arbitrary positive constant) and thus we come to the conclusion that : 
in order to cause a sound detonation the airplane must fly on a logarithmical 
spiral around the point A and the tangent of the path must intersect the 
radius vector at an angle a for which 
ae or cond =e (2) 
c v 


EXPLANATION OF THE SO-CALLED “SOUND DETONATION” 289 


The airplane must travel along this track toward point A, 

An alternative proof’ may be based on the fact that during a time dt the ways 
covered by the airplane resp. the sound are v ° dt resp. c * dt and that there- 
after the sound has the same ways P’A = QA to cover. Hence 


cos (x = a) ———_ €99 .—— £7 
v 


‘and — as known a curve intersecting all the radius vectors at a constant 
angle can be nothing else than a logarithmical spiral. Provided v = c,a = 0 or x. 
Assuming a = 0 the jet plane will move away from 4 in a straight line 


and no sound-detonation occurs. 


Fig. 2 


Supposing « = 2, the airplane approches to point A at the velocity of 
the sound and causes a sound detonation when reaching A. 

Finally, if the airplane is travelling toward point A at a speed v >, 
no sound-detonation will occur, but it is interesting to note that the sound- 
signs sent out by the airplane arrive at A in reversed order. 

The orbit tends to be a circular one provided v — oo. 

Let the sound energy emitted per second by the airplane be denoted by J. 
Then the sound energy arriving simultaneously in the immediate neighbourhood 


of A may be easily computed : 


t s y 
(feed dit OJ (+= Js Chay 

4a) r Aav ) fr 4nv J) r2 dg 

0 0 Po 
and making use of (1) 
dr 

~ do 1 1 
i ee ll oe dy == J G = |. 

47v c r2 4nc\r To 


Po 


3 Suggested by P. SONKOLY. 
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This energy can increase arbitrarily by the decrease of r but a very small r 
cannot be realised. What is the effect caused by the momentary appearance 
of the above energy at A? At all events a terrifying one, but the authors know 
nothing else about it. 

Assuming the movement to take place in space let us denote the radius 
vector of P by r= 1(p) and its derivative according to the parameter p by rT, 
thus we obtain from (1) 


d|r com 
fl i5 @) 
dp v 
and we are faced with the problem, wether there are or not — on an arbitrarily 


prescribed surface — paths satisfying (3) and what should the surface, the 
constant velocity v and the path be in order to produce a sound detonation. 

Assuming the equation of the surface by means of two parameters p, q 
in the form 


x=x(p.4), y=Y¥(P.9)» = 2(P»9) * 
and equation of the path to be g = q(p) we have 


lrj=Ve+y+2, |rj/=VE+2Fq+¢C?” 


where 
E=xy+Y¥p +2. F=xpx%qt+yp¥at2pt CHxyt+ygaty 
and substituting this in (3) 


X (Xp + %q 4) +IY(¥p + Ya q) +2 (%p+ 249) _ 
VA yeat 


—-)E+2Fq+6% 
Vv 


This equation is an ordinary differential equation of the first order for g = q(p) 
in the form of F(p, q, q) = 0 and always has a solution either real or complex, 
since it is for q an algebraic equation of the second degree. 
This may be written 

(v? H? — cr? G) g? + 2 (v? HI — cr? F) q+ (v? J? — 122 E) =0, (4) 
where 


H=«%x,+-yy¥q+229, P=x%)+7¥p+22p. 


Equation (4) has real solutions provided 


D= 7 (F?_ EG) + (H#E—2HIF126)>0. 


4 . . * ; 
Assumed to be continuously derivable in p, q. 
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Therefore, assuming D > 0 in a neighbourhood of en ce a= NG =0 
IPE — 2 HIF + [?G => 0), this point will be crossed by two (in limit eee 
one) paths existing in the same region of P). Flying along these paths the air- 
plane will produce a sound detonation in the origin. 

Let us now examine the intuitive geometrical side of the problem.’ On 
an arbitrary surface a curve is to be constructed starting from P, and inter- 


: c 
secting all the radius vectors at an angle « for which cos a = —. Supposing 
v 


that the normal vector n of the surface forms an angle 8 with the radius vector, 


Fig. 3 


all the tangents of the surface in P, form with the radius vector an angle y 
for which 90° — 8 < y < 90° + f. Since P, has a neighbourhood where the 
condition 90° — 6 < y < 90° + # is satisfied, we can construct step by step 
a polygonal path and from this by a limit passage a path starting from P, and 
intersecting all the radius vectors at the angle a, provided 90°—fB <a< 
< 90° + B. 

An example. Let us determine the resp. paths on a circular cone. Let the 
axis of the cone be the axis z and the cylindrical coordinates of P be p, q and z. 
Since 


x =qeosp,y =qsinp,z=«(p),q=4(p),|7|=VeP+?,7/=lP +e +2 


we obtain from (3) 


PEE LYSE EE or Mates mere tatty) 
q z 


The surface will be a cone with its vertex in the origin, provided z = Aq, where 
A is a constant. Then from the last equation 


(Aa ol) (ee = eo)? "9" > 


5 Suggested by E. Makal. 
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whence again v > ¢, and 


1 c 


— —— nd k>O]. 
Oo (earl eo ee g 


q = k e#P 


The equation of the orbit is 


Ai ke? cos py ¥ ke! simp ae A ea, 


i. e. the path is a helix on the cone and the tangent of the path intersects the 
radiusvector at a constant angle. Reversely, given this angle the cone will be 
determined. The only place of the sound detonation can be the vertex of the cone. 


Case of variable velocity 
I. Movement in a plane 


1. Let the velocity be given a function of the way covered (i. e. of the 
length of the are of the path): v = v(s). Then from equation 


dr as =—cdt 
v (s) 
we have 
md 
renee PAS ear ayer (1) 
v(s) 
hence s = @(t). Since 
mat dp dr 
/e—e =cer—— end —— — 
t dt dt 4 
we get 
dq V ve — \o2 — C2 
dt r Fock 5 
where 
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| Finally, 


o—m=— | ae dt K< 2]. (2) 


Equations (1) and (2) yield and r as functions of t. Eliminating t we obtain 
the polar equation of the path. r depends always linearly on t. 

? 2. Let the velocity be a prescribed function of the time: v = v (t). Then 
we obtain in the same manner 


r—Tre=——ct (1’) 
ga | TEE an, | (2’) 


Let us prove the following statement : 

In order to cause a sound detonation in the origin an arbitrary path may be 
chosen. 

This can be seen very easily. 

Let the path be given in the form of r = r(y). From equations 


dr cltd 
eS Ss (9). 9 = S(s) 
dy v(y) dp 
/ 2 
v(s) may be determined since mal ’ Coe. = rs Ga are known quanti- 
dp dy dy 
ties. Then by s = P(t) 


A sound detonation will occur provided the path will be run at this speed. 
Giving the path by a parameter T in the form 


we obtain 
Tz) (0) =F ifij— OU 


whence 


t=f(t) and g=9(f())=¥O 


and comparing this to (2’) 
t — 
\v? —@ 


To — Ct 


Pp = Yo — dt= p(t) 


0 
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and by derivation : 
|v sig? 
ay ee SS t 5 
ae ene (t) 


whence we find 


v=v(t) = Ve? + (rp — 1)? y’ (t)? . 


II. Movement in the space 


1. Let us prescribe a surface and the velocity for the movement in all 


points : 


x=x(p.q), ¥=y(p.q), 2=2(p.g. v.=v(%,y¥,2) =0(p, 9), 


then for the determination of the path on the surface we obtain the same diffe- 
- rential equation as in case of a constant velocity. Only v should be replaced 


by v(p, q(p)). The equation will be 
g? (v? H? — c2r?G) +29 (A Iv? — er? F) + (I? 0? — c? rr? E) = 0. (3) 


Every point P, of the surface will be crossed by two (in limit case by one) 
paths provided 


D=72(F2— GE) +v(H#2E—-2HIF+6R)>0 (4) 


in some neighbourhood of P). 
Inversely, given the curve q = q(p) on the surface, v = v(p) may be computed 
from (3) provided D = 0 in some region of P). 

2. Let us take now an arbitrary curve of the space: 
Prescribing the speed arbitrarily no sound detonation will occur. In order to 
produce the phenomenon, equation 


d|r| Cas ee dr 
=— Th ea 
dt v (tT) | dt 
: d|r| 
must be satisfied. v(t) may be determined herefrom since 7 and |r| are 
T 


known quantities. By means of the equations 
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we obtain 


and thus 


m= x ( (1))S. 2 (i). 


y = y(t), z = z(t) may be computed similarly. 


Summary 


This paper gives the explanation of the so called ,,sound detonation”. It is proved 
here that a jet engine can produce a sound detonation covering an arbitrary path in the space 


and the speed depending on the path and necessary for this end is determined too. 


I. Braart | 


M. Ketemen | Budapest XI. Budafoki ut 4—6, Hungary. 
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MEASUREMENT 


By 
J. ANTAL and A, K6nic 


Physical Institute, Polytechnic University, Budapest 
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1. Introduction 


In vacuumtechnique pressures to be measured most frequently are in 
the region a few times 102 mmHg to 10-° mmHg. There are several kinds 
of meters which are capable of measuring the actual pressure in this interval, 
but none of them can be used in the whole region. The different kinds of meters 
can be practically devided into two groups, one of them measuring the region 
above 10-° mmHg, while the other operates below er? mmHg. 

It is to be noted that instruments belonging to the first group have a 
limited range of measurement lying between 1 and 10° mmHg, and there are 
only a very few of them whose upper limit of measurement can be extended 
as far as the atmosphere. However it is quite possible to construct. meters 
for the interval 1—760 mmHg e.g. a simple U-type mercury manometer 
should be used. 

Some types of vacuummeters can be regarded as absolute ones, while 
the rest must be calibrated against an absolute meter. The most common 
absolute manometer for this purpose is the so-called McLoad gauge. 


2. Acoustical method for determining pressures 


To explain the method let us place, for the sake of simplicity, a loud- 
speaker and a microphone in a chamber in which a certain given pressure exists. 
Connect the loudspeaker to an audio frequency generator set to a proper fre- 


_ quency. Then the loudspeaker will radiate sound energy in the chamber. Let 


the microphone be connected to a suitable vacuumtube voltmeter, then this 
will indicate the ac voltage generated by the sound energy received by it. 
The energy is chiefly transferred from loudspeaker to microphone by the 
aid of the medium existing in the chamber i. e. by the air molecules (neglecting 
the conduction through the rigid parts of the system), therefore the voltage 
output of the microphone will vary with pressure in a definite way, supposing 
constant loudspeaker input and absence of any other noise in the chamber. 


6* 
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It can be easily seen that by this simple method it is possible to determine 
pressures to such a low value below atmosphere, at which the radiated energy 
is comparable to that one picked-up by conduction. 


3. A first-order theory of the method 


A simple approximate theory will be given for the proposed method. 
Only the ideal case is treated, supposing a tube with movable membranes 
on its both ends (Fig. 1) and neglecting any conduction, reflexion (interference) 
and noise. 


To vacuum chamber 


Fig. 1 


Let us suppose that in this tube a given pressure py exists, and let the 
membrane M, move to a distance dx so, that the volume v of the tube will be 
smaller by dv. Then the pressure in the immediate vicinity of the membrane 
M, will increase, and this increase of pressure will extend through the tube 
till it reaches the other end of the tube, where it will act on the membrane M, 
and causes it to move outwards, resulting in some increase of volume. 

Let us suppose that the whole process will be adiabatic, then for ideal 
gases, and so in good approximation for air, too 


Po: vw =const. 
So 
dp-v*+x-po-v1!-dv=0 


and finally : 
dp=—x- po: dvjv. 


It can be seen, that with constant loudspeaker input (i. e. dv = const.) the 
change of pressure at the microphone, dp, will linearly vary with the existing 
pressure py, that is the instrument will have a linear scale. 

It must be emphasized that this simple explanation is only a very first- 
order theory, neglecting for example, reflections from the walls of the tube, 
which result in a strange response regarding the applied frequency, because 
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of the possibility of interference. The applied frequency should not be too low, 
because noises are always present. 

As is mentioned above there is energy transfer, not only by radiation, 
but also by the aid of conduction. This will determine practically the lower 
end of the measurable region. 


4, Experimental results and remarks 


Several measurements were made and the mentioned linearity was found 
through a region ranging from atmosphere to a few times 10-2 mmHg. In 
these measurements carried out a various pressure, care was taken, to the change 
in acoustical impedance of the loudspeaker and microphone. 

The measurements were made by crystal loudspeakers and microphones 
and also in some cases with dynamic loudspeakers. The applied frequency 
varied from 500—10 000 c/s, and sometimes a highpass filter was used at the 
microphone-end to prevent of undesirable response caused by noises. 

It was found, that in all cases this simple measuring arrangement could 
be used for pressure measurements from atmosphere till 5° 10 2? mmHg. 
However, it is possible to extend the lower end by diminishing conduction 
with the aid of suitable acoustically damping materials. 

An instrument based on this principle can be regarded as an absolute 
meter, or at least as a semi-absolute one, having a linear scale ard can be calib- 
rated at atmospheric pressure. 

An absolute meter, however, should not need any calibration, as its 
geometrical dimensions are quite enough to calculate the pressure. The di- 
scribed method above gives a linear relation which enables us to calculate the 
scale till a numerical factor which is to be determined by calibration for example 
at atmospheric pressure. 

For a more accurate treament of the theory of this method as well as 
for the realization of the instrument including the possibility of the application 
of pulsed sources to prevent conduction we refer to our next article to be pub- 
lished in the near future. 
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Summary 


A new acoustical method is presented for measuring pressures lower, than atmosphere. 
Based on this principle it is possible to construct an absolute vacuumeter, the usuable range 
of measurement of which extends from atmosphere, to below the micron-mercury region. Some 
practical remarks are also given for the actual construction of such instruments, and for the 


possibilities to extend the lower limit of measurement. 


J. ANTAL | * ’ 
st XI. B t ° g i 
A. eee Budapest XI. Budafoki at 8. Hungary 


BOOK REVIEW — BUCHBESPRECHUNG 


Electric Machinery Vol. III. Synchronous Machines 


by J. Liska, with the co-operation of A. MAnpI. Tankényvkiadé, Budapest 1955. 332 pp- 
320 figs. 


The present book written by Professor J. 
Liska, as the third volume of his comprehen- 
sive work on Electric Machinery, was preceeded 
by the publication of Vols. I and II on trans- 
formers and d. c. motors, respectively, and Vol. 
V, written together with several co-authors 
describing the design principles of electric 
machinery. The present volume is an excellent 
textbook dealing with the theory and practical 
designing of synchronous machines. 

As regards the structure of the book three 
main parts may be distinguished. Chapters I 
to VIII contain the necessary basic information 
on the operation of synchronous machines 
including a detailed treatment on the theory 
and practical applications of the work diagram 
and vector diagram, respectively. 

The second main part comprises Chapters 
IX to XIII devoted to winding and wiring 
problems of synchronous machines. Corollary 
to this subject matter a discussion on the mag- 
netic circuit is given. 

The last part including Chapters XIV to 
XXIV provides detailed information on cha- 
racteristic curves of the machine, as well as on 
the determination of data required for the 
computation of several characteristics, such as 
the necessary excitation values, reactances and 
losses. Chapters on the parallel operation of 
synchronous generators, on synchronous mo- 
tors, on hunting phenomena of synchronous 
machinery as well as on sudden changes in 
operating conditions (the problem of short- 
circuits) as well as a detailed description of the 
testing methods of synchronous machines, 
together the full design computations of two 
of them have also been included in this part. 


Besides the computation procedure the reader 
becomes familiar with observed data of these 
actually constructed machines. Values obtain-. 
ed by computation may thus directly be com- 
pared with results of these actually conducted. 

Chapter XXYV. contributed by A. Mandi, 
presents original and theoretically well sub- 
stantiated ideas on the heating problems of 
synchronous machines including turbo-gene~ 
rators. ; 

The careful selection of subject matter 
from the very wide and divergent materiak 
minute distinction between essential and non- 
essential topics, between important subjects: 
and subjects less interesting in the practical 
sense make this outstanding even among 
foreign publications of similar nature. We refer 
hereby in the first place to the great compre- 
hensive monographies by Arnold, Richter and 


~ Liwschitz. As will be revealed by a closer study 


of the book, Professor Liska includes, with the 
accuracy and modesty of an excellent teacher, 
only such chapters as are essential fer satisfying 
the needs of education and introduces the sub- 
ject in an advanced form meeting the approval 
of the practical engineer as well. The omittance: 
of obscuring details contributes to the clearness: 
and at the same time to the unsefulness of this: 
handbook. The essential chapters of the compre- 
hensive material have been written by Pro- 
fessor Liska in a systematic, coherent and clear 
fashion. A new, excellent book of reference of 
the highest technical standard has thereby 
been made available to Hungarian electrical 
engineers. 


K. P. Kovacs 
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THE IMPACT OF ELECTRONICS ON MODERN INSTRUMENTATION 


By 


G. STRIKER 


Electronic Instruments’ Branch, Dept. of Electrical Engineering, Polytechnic University, Budapest 


The application of the newest achieve- 
ments of physical sciences to the field of 
Measurement and instrumentation has in 
recent years gained more and more recognition 
as an independent science of its own. [1, 2, 3, 
4.] The wide range of new measureables and 
the complexity in applying the recent tech- 
nical achievements to the design of technical 
and scientific instruments amply justify such 
a view. Few will disagree with the renowned 
scientist Dr. W1iLpHACK of the US Bureau of 
Standards, when he writes [2]: 

‘It is easy to foresee an increased recogni- 
tion for the science of instrumentation. 
Expect for atomic energy, the development 
and application of instrumentation probably 
have greater potential material significance 
for our age and our civilization than any other 
factor on the contemporary scene. This seems 
valid militarily, industrially, and scientifi- 
cally.” ' 

The significance of the new science of 
“instrumentation” has increased with particu- 
lar rapidity since the spectacular growth of 
electronics during the past decade. A row of 
ingenious scientific devices came into being 
as a result of combining modern physics with 
the newest technique of electronic circuitry. 
With the help of the achievements attained in 
the field of instrumentation, entire new bran- 
ches of science were establishedin some 
cases. This in itself is not new in the history 
of natural sciences — let us only remember 
the tremendous impact given to the science 
of geophysics by the discovery of the 
gravitational torsion balance by ROLAND 
Eérvos. Or, has the simple device known as the 


Wilson-chamber not revolutionized our know- 
ledge of the nucleus and started an entirely 
new branch of atomic science? The same may 
be said of the effect of such instruments as 
the X-ray powder spectrograph, the mass- 
spectrograph of Niehr or the n. m. r.-spectro- 
meter — all of which have opened up new 
chapters in physics and physical chemistry. 

Electronics, however, seem to hold an 
especially valued place in up-to-date develop- 
ment of scientific and industrial instruments, 
The ratio of devices employing some applica- 
tion of electronics is continuously growing, 
even in such ‘“‘conservative” fields as that of 
spectroscopy, with spectrophotometry and 
quantometry taking an ever greater share. 
Knowing the numerous shortcomings and 
complexities of electronic components and 
circuits, due in part to the relatively large 
manufacturing tolerances and limited service 
life of electronic tubes and other components, 
as well as the not too exact methods of eletro- 
nic circuit design — one may wonder about 
the factors which justify the wide use of 
electronics in modern instrumentation, despite 
these shortcomings. It is the aim of this short 
study to systematically expose some of these 


factors. 


What does electronics offer to instrumentation? 


The electron tube — or, as the British 
usage more figuratively says: the electron 
valve — constitutes a current-valve of ex- 
ceedingly small inertia, requiring minute con- 
trolling power. These two properties determine 
its great value for the instrument designer 
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whose primary aim is to interfere as little 
as possible with the process under mea- 
surement (i. e. not to draw any power 
from it) and to obtain practically momentary 
response. Three further characteristic features 
offered by electron tubes: large amplifica- 
tion, high input impedance and the ability to 
generate high-frequency voltages or short 
pulses, are closely connected with the two 
basic properties mentioned and the combina- 
tion of these characteristics cannot be found 
at present in any other device. Let us see how 
these properties are applied to the measure- 
ment of various data. 

a) The 
electron tubes enables us to measure voltages 
down to a few microvolts or — in the case of a 
very restricted frequency range — voltages 
as low as 10-8 Volt. Such an amplification is 
usefully employed in certain magnetometers 


amplification obtainable with 


for the precise measurement of the earth’s 
magnetic field, in radiation detectors for 
infrared spectrophotometers, and in such 
special devices as the microwave power-level- 
meter developed by the Hungarian Telecom- 
munication Institute. This instrument, using 
a thermistor to transform the microwave 
energy of a few microwatts into a resistance 
variation, uses a bridge-detector amplifier 
with a gain of 10 million and a sensitivity 
limit of 1077 Volt. Obviously, only the appli- 
cation of electronic tubes can serve to solve 


such a problem. 


b) The lack of inertia, inherent to electron 
tubes, enabled us to follow events of extreme- 
ly short duration, such as those associated 
with nuclear fission. The ‘‘piece-meal” count- 
ing of hundred thousand pulses per second 
— accomplished in up-to-date high-speed 
sealers, as those manufactured by the Hunga- 
rian industry, as well as the observation of 
milli-microsecond (10~°sec) fission processes, 
a daily routine in our Central Physics Research 
Institute, are good examples for the use of 
electron tubes as switching and amplifying 
devices, almost free of inertia. Another appli- 
cation of the fast-action feature of electron 
tubes is to be found in the field of microwave 
technique where precision signal generators are 
used for producing billions and ten billions of 


oscillations per second. The 10cm ORION— 
EMG Signal Generator is another good example 
of how this feature of modern electronics 
can be applied to scientific instrumentation. 

c) The possibility of a high input impedance 
as mentioned above further adds to the ver- 
satile application of electronics in scientific 
measurement. The well-known glass electrodes. 
for pH measurement were of as little use 
to the chemist, as the photo-tubes to the 
physicist, were it not for the ability of 
electron tubes to amplify voltages with 
almost no power drawn from the circuit 
under measurement. A voltage measuring 
circuit with an input resistance of ten billion” 
ohm is now a matter of industrial routine, as 
for instance in the ORION electronic pH- 
meter. Moreover, in the continuous radiation 
meter Model GK—4 using a GM tube, an 
electrometer-tube circuit having an input 
resistance of 10! ohm, enables, the measure- 
ment of currents as low as 10-4 ampére. 
No other non-electronic device can accomplish. 
this with such simplicity, ruggedness and 
speed. 


d) The ease of data-transmission over long 
distances is another merit of electronic measur- 
ing circuits. A combination of high-frequency 
technique with the inherently high sensiti- 
vity of these circuits has very recently render- 
ed a splendid performance of electronic 
telemetry in combination with the IGY 
satellite program. A less spectacular, but 
more practical example of ‘‘wired”’ electronic 
telemetering is the radioactive prospecting 
equipment developed by our Geophysical 
Institute, which is capable of measuring 
minute traces of radioactivity (as well as a 
number of other data) at a depth of 2—3000 
meters. It is possible by means of minute 
electronic components to sense only these 
variables in a bore hole 2 miles deep and of a 
diameter not over 5”, and to transmit them 
with the accuracy of a precision measurement 
to the amplifying and recording mechanism 
above. A similar accomplishment can be seen 
in the famous ‘‘Laterolog” enabling the 
specific resistance measurement of a_soil- 
layer not more than 20 ecm in thickness 
at a depth of 2000 meters below the sur- 


face (shaded area of Fig. 1). This is achieved by 
setting up a current and potential pattern as 
shown in Fig. 2, and electronically stabilizing 
this distribution against wide variations in 
the resistivity of the surrounding material. 
The shown potential distribution assures an 
accurate measurement of the resistivity of the 
lateral earth sheet, with the unshaded areas 
bearing no influence on the measurement. 
~ Recent improvements made by our Geophysi- 
cal Institute in the electronic amplifying and 
stabilizing circuitry have further added to the 
simplicity and accuracy of this ingenious 
method: a simplified reproduction of the 
results is shown in Fig. 3. As against the 
“‘averaged”’ data obtained by classical res- 
istance measuring methods(left-hand) curve, the 
electronic logging system yields accurate data 
of the resistivity of a Jayer one tenthousandth 
as thick as its depth below the point of measu- 
rement — with the probe often being surround- 
ed by a mud of high electric conductivity 
(right-hand curve) [5]. 

In the many different geophysical in- 
struments produced by our industry for the 
accurate mapping of mineral resources, electro- 
nics is widely used for the telemetered scann- 
ing of bore holes and for the registration of 
artificial shock-waves in the well-known 
seismic investigations. Again, the fast-acting 
electron tube comes as an aid to accomplish 
what no other device can do for the prospect- 
or — the divining rod of bygone days 
has found its more reliable successor in the 
complex electronic equipment of our seismo- 
metric geophysical field laboratories (Fig. 4). 


e) An entirely new aspect of instrumenta- 
tion is the great increase in accuracy, accomp- 
lished through the digital technique of data 
processing. In the past, the accuracy of mea- 
surement was greatly limited by the use of 
scales and dials, which permit an accuracy 
of reading around 1% in industial devices 
and 1%) by the most accurate laboratory 
methods, requiring laborious precaution 
and much time. To-day, with the use of 
binary and decade switching and counting 
circuits and special indicating tubes (decat- 
rons, etc.), this limit no longer exists. The 


measurement of time-intervals and frequencies . 
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to an accuracy of one part in a million can 
now be achieved in a fast and direct way, the 
result being presented within a second’s time 
on appropriate meter scales or counter tubes. 
The same holds true in the counting of swift 


events — such as cosmic showers of high- 
energy particles — or the revolutionary 
method of counting millions of red blood cells 
in the viewing field of a microscope — all 


within a matter of seconds. The so-called 
“cycle counter” or digital frequency meter, 
shown at a Hungarian Instruments Exhibition 
last year, is a good example of such a type of 
equipment. Thanks to the unique speed and 
versatility of electronics, the results of such 
digitalized precision measurements can now 
be further processed without loss in accuracy 
by the most advanced electronic tool, the- 
digital computing machine, capable of handling 
a million binary digits per second. 

In this manner the high amplification at 
almost no input power, speed of action, high 
input impedance, ease of data transmission. 
and the possibility for fast digitalized data 
processing, add up to a combination of features. 
which evidently can hardly be matched by 
any other means known to instrument-physi- 
cists. No wonder then, that despite its apparent 
drawbacks and complexity, electronics are- 
constantly gaining space in up-to-date instru- 
mentation. 


New data-transducers for electronics 


The characteristics of electronic circuitry 
opened up entirely new possibilities for 
measuring certain variables, too small, too 
fast changing, or otherwise not accessible to 
‘‘classical” measuring methods. 

Certain fundamental physical phenomena 
such as the changing of a wire’s resistance to- 
its physical dimensions, or the electrolytic 
semiconductivity of glass, suddenly find their 
‘renaissance’ in the strain gauge, using an 
electronic bridge indicator for measuring a 
dimensional change of 0,0001% — or in the 
glass electrode of an electronic pH meter 
having an input resistance of over ten thou- 
sand megohms. Minute voltages raised in a 
conductor moving by a few microns through a 
magnetic field suffice to detect and measure — 
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with the aid of electronic amplifiers — seis- 
mic shockwaves propagating through miles 
of geological strata. 

Beyond the revival, however, of classical 
physical phenomena, a number of new and 
characteristic electronic transducers have be- 
come widely used for measuring purposes. 
Among these are the photomultiplier in optics, 
the GM-counters in nuclear physics, new 
semiconductor-type transducers as thermistors, 
photo-resistors and photo-transistors as sensing 
elements for visible and thermal radiation, to 
mention but a few. Most of these transducers 
show a startling feature over the older ones, 
that is: they combine the sensing and ampli- 
fying function into one and the same element, 
thereby working at a great power-gain as 
against most ‘‘old-time’’ transducers which 
emparted a power-loss upon the quantity to 
be measured. The ‘“‘efficiency” of ,,classic’ 
transducers is always a quantity smaller than 
one, while these most recent electronic trans- 
ducers operate at a considerable gain even 
before an additional amplifier is employed. 
Electron-multipliers with a sensitivy of 60 
ampére pro lumen or thermistors and photo- 
transistors, only — slightly 
figures of merit — not to speak of the G-M 
tube with an inherent amplification of 10° — 


having smaller 


are good examples of how some of these 
electronic transducing elements perform. 


The examples mentioned clearly show 
that electronics not only opened up a new 
perspective by its speed and sensitivity in 
conjunction with conservative sensing ele- 
ments, but it also created new transducers 
which by themselves out-perform any of their 
“‘classical” predecessors by many orders of 
magnitude. It now remains for the scientists 
of our days to combine the stability and 
reliability of those older devices with the 
sensitivity and speed of action of their electro- 
nic successors. It is no secret that much has 
yet to be done in this direction in the interest 
of lasting precision and reliability of measure- 
ment. 

Certain results are scored in this respect 
by the development staff of our instrument 
industry, which is steadily growing more 


“‘electronics-conscious’. In addition to the 


large size electronic instruments’ factory 
ORION, the Geophysical Instruments’ Fac- 
tory and a score of smaller specialized manu- 
facturers are engaged exclusively in the ad- 
vancement of the electronic art. Electronics is 
also at the same time rapidly infiltrating 
into most other instrument factories — be it 
in the shape of automatic electronic potentio- 
meters or of electronic surface roughness 
testers. The greater part of our Industrial 
Institute of Instrument Research is engaged in 
electronic circuit development and their work 
is complemented by electronic instrument 
research made at the Telecommunication 
Research Institute, the Geophysical Institute’ 
and the Central Physical Research Institute 
of our Academy[6]. The development and 
research of new transducers for electronics 
is the primary task of the Academic Institute 
for Measurement and Instrumentation, and 
certain results in the field of thermistors[7]} 
magnetostrictive torque-transducers and new 
photomultiplier applications|8] can here be 
registered. 

With so great an effort to keep abreast with 
the pace of world progress in electronic in- 
strumentation, the training of specialists, 
obviously, becomes a central problem. It 
was with this in mind that a special Electro- 
nic Instruments’ Branch was set up within 
the Instrument Department of our Electrical 
Faculty. The coming years will show how well 
the training in general instrumentation and the 
specialized courses and projects in instrument 
electronics will be combined to furnish the 
highly qualified yet universally trained spe- 
cialists fit for one of the various diverse tasks 
to be done. 


Electron-optical instruments 


Without in any way attempting complete- 
ness, another important class of electronic 
instruments should not escape our attention. 
Beyond the application of circuit-technique 
and electronic transducers, modern scientific. 
instrumenation is coming to use an ever 
greater variety of large measuring devices in 
which the wave-nature of accelerated electrons 
play an important role. We refer here to the 


wide application of electron optics in such 
devices as the electron microscope, the electron- 
diffractograph or the microfocus X-ray tube — 
instruments yielding data on the submicro- 
scopic structure of materials not obtainable 
by any other method. Intramolecular spacing 
of crystal lattices in the order of one angstrém- 
unit can, for example, be measured to four 

decimals. Let us not forget, furthermore, that 
various kinds of accelerators for 
generating high energy radiation — the 
betatron, synchrotron and synchro-cyclotron — 
are also special cases of applied electron optics. 
Briefly mentioning a few representatives of 
this important class of electronic instrumenta- 
tion only serves to round out the picture aimed 
at by the present review and to prove — should 
such a proof still be required — how universal 
a research tool electronics 
modern science. 


electron 


has become in 


Conclusions 


The appearance of electron tubes and semi- 
conductors in experimental physics marks 
— as we have shown — an important mile- 
stone in the development of new tools for 
nvestigating the processes of nature and of 
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technology, as well as for influencing and 
controlling them. The revolutionary impact 
of electronics on modern instrumentation has 
caused a quite sudden ,,discontinuity” in the 
orders of magnitude in which man_ to-day 
can conveniently obtain data, uct only of 
unbelievably small values of voltage or cur- 
rent, but also those of time and space as well 
as of most other variables known to physics. 
The exact scientist whose task it is: ‘To 
measure everything measurable and to render 
measurable allthat cannot yet be measured” 
— has truly received a powerful new tool 
and it can be safely predicted that electronics 
will in its daily progress hardly leave any part 
of experimental science untouched by its 
magic wand. 

In order to meet this challenge, instrument 
engineers have to join hands with electronic 
specialits everywhere — and this is also true 
in our country where a healthy start has been 
made both inindustry and scientific research. 
Our great traditions of some outstanding 
past accomplishments in instrumentation and 
in electronics commit us to a forward looking, 
high level educational program for training 
young engineers capable of keeping abreast 
with world progress. 
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